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Wet sugar beet pulp, a by-product of the sugar refining industry, is mostly used 
as low-price animal feed. However, after a hydrolysis step the resulting extract is 
a rich source of pectic saccharides, which find uses as additives in many food 
processing industries. In this work, ultrafiltration has been tested as a potential 
separation method yielding a concentrated solution containing the pectin fraction. 
Flat-sheet polysulphone membranes of varying nominal molecular weight cut-offs 
(MWCOs) were used in laboratory-scale modules. The feed solution (sugar-beet 
pulp extract), exhibiting a wide molecular weight distribution tends to cause 
fouling to the membranes tested.
Different ways including diafiltration and multiple step filtration were sought to 
improve both, selectivity as well as flux performance. Fractionation was achieved 
with the diafiltration mode. The concentrate obtained was by -97% free of 
fractions of molecular weight less than 6kD. Five dia-volumes of the diafiltration 
liquid were adequate to achieve this separation while the type of liquid used 
(water or acetate buffer) was not important.
The molecular weight distributions of the different ultrafiltration streams were 
obtained after analysis with high-performance size exclusion chromatography 
(HPSEC), which allowed the description of the separation by means of the 
observed rejection coefficients (partial and overall). Rejection depended on the 
permeate flux but also it varied with molecular weight. For all membranes tested 
a consistent pattern appeared. Partial rejection coefficient of polymers (i.e. 
fractions with molecular weight greater than lOkD) decreased with increasing 
permeate flux, J  whereas, the rejection coefficient of the low molecular weight 
fractions (MW less than 3kD) increased with increasing J .
Examination of a variety of conditions (including membranes’ molecular weight 
cut off, trans-membrane pressure and cross-flow velocity) showed that the 
fouling nature of the feed solution greatly affected the efficiency of the whole 
process.
Fouling was likely to be the determining factor for the separation: molecular 
weight distribution profiles of the permeate streams obtained from membranes of 
different cut-offs and under different experimental conditions were very similar. 
The degree of fouling was, however, dependent on the membrane nominal 
MWCO: faster and more severe for ‘tighter’ membranes suggesting that, among 
the foulants, there were smaller molecules that passed through the membranes 
with 100 and 30kD MWCOs.
To help an understanding of fouling as well as the peculiar rejection patterns, 
the effect of some of the properties of the feed solution was examined. Firstly, 
varying the sugar-beet pulp extract pH value, seemed to influence the fouling 
behaviour with the more acidic feed solution (pH 2.0) causing more fouling and 
flux decline. In general, the more basic the pH the less fouling occurred. Also, 
rejection was affected: there was a molecular weight range (5 to 1 lkD) where 
fractionation was enhanced with pH increasing towards more basic values. The 
above indicated that a possible mechanism of pectin aggregation would involve 
more than pectin-pectin electrostatic interactions; possibly interactions with other 
types of components present in the extract as well as interactions between the 
components of the extract and the membrane.
1
Also, in order to account for the complexity of the sugar-beet pulp extract, the 
results from ultrafiltration runs of a semi-purified beet pectin solution were 
compared to those where extract was used. These showed that the pectin fraction 
(and generally the carbohydrate content of the extract) was mainly responsible for 
the fouling behaviour as well as the observed rejection patterns. In fact, 
membrane fouling with the semi-purified model pectin solution was increased by 
a factor of 2.01 in comparison to that caused by the pulp extract, however once 
again, the rejection followed the same trend as for the extract. Aggregation was 
still present with more high-molecular weight material present in comparison with 
the extract, suggesting that a different aggregation mechanism prevailed in that 
case.
The molecular weight distributions obtained after changing the aggregation 
pattern in the pulp extract with the addition of a reducing and depolymerising 
agent (L-ascorbic acid in a ca. 0.0125 ascorbic acid/pectin mass ratio) showed 
that much less aggregation was present, however the ultrafiltration behaviour 
deteriorated: the highest values of resistance due to irreversible fouling were 
observed. Also, the change in aggregation caused a change in the rejection 
patterns observed in the high-molecular weight region with all other types of feed. 
These observations suggest again that mid- to low-molecular weight fractions 
were responsible for the fouling behaviour and that the interaction between 
different components of the extract rather than between pectins only, had 
improved the fouling behaviour.
2
1 INTRODUCTION
Sugar-beet pulp is a by-product of the sugar-refining industry. It is a material 
rich in a variety of natural polymers with the most important belonging in the 
class of carbohydrates. It is generally used as animal feed but in the last years 
there has been an increased interest in the research towards using this material as 
a source of products of higher value. Pectins are the most important 
polysaccharides present in the cells of the sugar-beet and they can be extracted 
from the pulp via a hydrolysis reaction in aqueous environment (usually 
performed in the presence of acid at elevated temperature). The extraction 
procedure itself however, results in degradation of pectins too yielding 
carbohydrate oligomers (belonging in the class of hemicelluloses) and monomers 
(mostly arabinose and galactose). Other components, mainly lignins, phenolic 
substances and proteins are also present in the pulp making the extract a complex 
material. Pectin is an interesting material because of its uses in the food- 
processing industry as well as other non-food (medical and pharmaceutical) 
applications. Thus, it is desirable to isolate the pectin fraction from the rest of the 
extract.
Such fractionation can be successfully performed using chromatographic 
methods (based largely in a size-exclusion mechanism) which however, have 
certain drawbacks the main ones being: i) the requirement of high-energy input 
and ii) the small amounts of fractionated products yielded. Membrane technology 
and particularly ultrafiltration, can be a potentially attractive alternative because it 
is able to perform the molecular-level filtration required for the fractionation. 
Membrane processes have the added advantages of not being generally costly 
(both in terms of capital and operating costs) and are generally not difficult to 
scale-up.
The purpose of this thesis is to investigate the feasibility of using ultrafiltration 
to obtain a pectin fraction from the sugar-beet pulp extract. This investigation will 
include study of the parameters affecting the separation. These parameters are 
process-related and involve mainly the flux-decline phenomena during filtration
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and also the separation achieved. These two types of parameters determine to a 
great extent the efficiency of the whole membrane process.
Flux behaviour and separation efficiency can be in turn significantly effected by 
concentration polarisation and fouling phenomena. Even though concentration 
polarisation is inherent to ultrafiltration processes, the degree of the occurrence of 
fouling depends on the design of the process.
In addition, the effect of the chemistry of the material used as the feed to the 
ultrafiltration process is of equal importance. This general term refers to the effect 
that the chemical composition and, more importantly, the possible interactions 
between the components of the feed material can have on the efficiency of the 
membrane process.
Based on the above general aims, the literature survey section which follows 
aims to present the relevant information concerning both the principles of 
ultrafiltration processes as well as basic information on the chemistry of the 
complex ffeed material. This information will be subsequently used as the basis to 






Membrane separation technology has evolved from a small-scale laboratory 
technique to a large-scale industrial process in a wide range of applications that 
successfully compete with conventional separation processes such as distillation, 
centrifugation and extraction (Van den Berg, 1989). There are a number of 
membrane processes based on different separation principles and mechanisms, 
covering a broad range of sizes from particles to molecules. In all cases, what 
distinguishes membrane separations from other techniques is the provision for 
another phase: the membrane.
Thus, a membrane can be defined as the third phase that divides two bulk 
phases and can be solid or liquid. It can be considered as a selective barrier 
between the two phases or simply as a high technology filter (Bowen, 1993). A 
schematic representation of a membrane separation is depicted in figure 2.1.










(AP, AC, AT, AE)
Figure 2.1: Schematic representation of a two-phase system separated by a 
mebrane (Mulder, 1996).
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A membrane process (often termed membrane filtration) shares common 
features with traditional filtration: it is the separation of a fluid mixture by 
selective permeation through the interface that is the membrane. Thus, the porous 
material (filter) used in traditional filtration is replaced by the membrane. There 
are some important differences between the two processes: i) traditional filtration 
is used for the separation of particulate material from the fluid mixture, whereas 
in the case of membrane filtration soluble components can be separated as well 
and ii) the driving force in filtration is solely the pressure difference applied 
across the filter, while in membrane filtration other driving forces can effect the 
separation too. In general, driving forces in membrane filtration can be generated 
by (Gutman, 1987): i) a pressure difference across the membrane; ii) a 
concentration difference across the membrane; iii) an electrical potential across 
the membrane and iv) a temperature difference across the membrane. A first 
classification of membrane processes is based on the mechanism by which 
material is transported across the membrane. Table 2.1 presents the major types of 
industrially important membrane processes along with the membrane type used.
Table2.1: Classification of the major types of membrane processes according to 
their driving force and membrane materials used (Scott, 1996).
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The use of the driving force as a means of classification is not always satisfactory or 
practical because apparently different membrane processes can be applied for the 
same separation (for example electrodialysis, reverse osmosis and pervaporation in 
the desalination of water). From the point of view of applications, classification in 
terms of suspended solids, colloids or dissolved solutes is preferable (figure 2.2).























































Figure 2.2: Applications of various membrane processes (Mulder, 1996).
From the processes mentioned above, microfiltration, ultrafiltration and reverse 
osmosis are of special interest since they are the most widely commercialised as a 
result of the vast amount of research invested into all aspects affecting their
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separation performance. All three processes involve the permeation of solvent 
(usually water) through the membrane. The principal distinction between them is 
in the degree of semi-permeability of the membranes and thus in the size of 
components that can be separated. While there is some overlap in the definitions, 
a generally accepted way of classification is the one presented in figure 2.2, i.e. 
the one based on the molecular/particle size (Porter, 1975).
Microfiltration is very similar to conventional filtration since the principle 
method of particle retention is sieving; however the separation can be affected by 
interactions between the membrane surface and the solution. The membrane filter 
is usually made from a thin polymer film with a uniform pore size and a high pore 
density, which means that the hydrodynamic resistance is generally low and the 
flowrates are high. Microfiltration is employed in both industrial and analytical 
applications. In summary, the most important of them are:
•  Removal of particles from liquid and gas streams for chemical, 
pharmaceutical and food industries
•  Clarification and sterilisation of heat-sensitive solutions
• Product purification and process-solvent recovery in the chemical 
industry
• Waste-water treatment
Reverse osmosis (or hyperfiltration) is another pressure-driven membrane 
process applicable in the removal of inorganic salts and small organic molecules 
from aqueous streams. The applied pressure causes selective movement of solvent 
(water) against its activity or osmotic pressure difference (i.e. movement of the 
solvent from a more concentrated solution to a more dilute one). The mechanisms 
of separation of the different species are based on their differences in their size, 
shape, charge and their interactions with the membrane molecules. The operating 
principle, referred to as solution-diffusion mechanism, is based on the assumption 
that a surface layer of the membrane is a region of amorphous polymer in which 
solvent and solute diffuse. To overcome the molecular friction between 
permeating species and the membrane polymer, high operating pressures are 
required.
Membranes used in reverse osmosis processes are asymmetric or composite (see 
section 2.1.1.2). The use of reverse osmosis increases as more flexible membranes
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emerge, but has already found a wide range of applications covering the following 
areas:
• Desalination of sea and brackish water
•  Production of pure water from a variety of industries
• Concentration of solutions of food products, pharmaceutical 
solutions and chemical streams
• Waste-water treatment
Ultrafiltration covers the region between microfiltration and reverse osmosis. 
Solvent and low molecular weight solutes will pass through the membrane, whilst 
larger molecules are retained. Similarly to microfiltration, the separation 
mechanism of ultrafiltration membranes is sieving and normally an increase in the 
applied pressure causes an increase in the observed flowrate. There is however, a 
limit in the increase in flowrate imposed by the phenomena of concentration 
polarisation and fouling (see section 2.1.3.1). Ultrafiltration membranes are 
characterised mainly on the basis of the molecular weight of a particular solute 
retained by the membrane with the introduction of the molecular weight cut-off 
(MWCO). This is defined as the molecular weight of a solute of which 95% 
would be retained by the membrane (Nilsson, 1990). This characteristic must be 
used with caution because it depends on the means of measurement and the 
characterising molecule, which vary from manufacturer to manufacturer (Bowen, 
1993). Ultrafiltration is applied in the separation of macromolecules and colloidal 
material from solvents. There is a wide variety of applications both on laboratory 
scale as well as on the industrial scale, for which the following areas are of 
particular interest:
• Treatment of effluents (including waste-water) from chemical and 
nuclear plants.
• Clarification of juices and wines in the food industry and
concentration of milk in the dairy industry
• Treatment of blood and plasma; removal of pyrogens in
pharmaceutical industries.
• Paper and pulp industry
• Textile industry
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There is another pressure-driven membrane process that lies in between 
ultrafiltration and reverse osmosis termed nanofiltration. With nanofiltration, 
separation of divalent, higher ionic species as well as di- or oligosaccharides from 
solutes such as small organic molecules, monovalent ions and monosaccharides is 
achieved. Nanofiltration is a new process that allows for improvements in process 
efficiency and the production of new products, particularly in the food and 
biotechnological industries. Membranes are normally highly chaiged.
2.1.1.2 Nature of membranes
The membranes used in membrane processes are synthetic (non-biological) and 
can be divided into organic (polymeric) and inorganic; the former being the most 
important class of membrane materials. The choice of a specific material as a 
membrane material is not arbitrary, but it is based on very specific structural 
properties of the material (Mulder, 1996). Initially, most membranes were 
cellulosic, although polysulphone, polyamide, polycarbonate and a number of 
other advanced polymers are now replacing cellulose. These synthetic polymers 
have improved chemical stability and resistance to microbiological degradation, 
which makes them ideal for use in membrane filtration processes. Polymeric 
membranes are divided into three categories:
i) Homogeneous membranes: their porosity or density is not dependent on the 
distance from the surface. They can be dense or porous, have straight pores or no 
pores at all. Their thickness can be lOjim or more.
ii) Asymmetric membranes: they have a dense (finest pore size) skin layer (0.1 
- l|xm) supported by a ~ lOOjim thick matrix of much wider pores. This 
asymmetric structure is essential if adequate permeation rates are to be achieved 
with membranes of such a small pore size.
iii) Composite membranes: they are made of a very permeable membrane with 
a very thin dense layer made of another polymer.
Microfiltration membranes are usually homogeneous, whereas ultrafiltration 
membranes are asymmetric.
Inorganic microfiltration and ultrafiltration membranes are made of inorganic 
oxide materials such as zirconia (Z1O2) and alumina (ceramic membranes, AI2O3).
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The main advantage of the inorganic membranes over the polymeric ones is their 
greater stability at high temperatures (facilitating steam sterilisation) and possibly 
a narrower pore size distribution. Polymeric membranes are produced as flat 
sheets, in the form of tubes of diameter 10-25mm, or as hollow fibres of diameter 
0.1 - 2.0mm. Ceramic tubes are produced as tubes or as metal mesh-supported 
composites (Bowen, 1993).
The following table summarises the basic information on the four most 
important pressure-driven membrane processes.
Table 2.2: Summary of basic information for pressure-driven membrane 
processes.
Membrane Driving Separation Type of Membrane Thickness Poreprocess force principle membrane material size





































Reverse water: 6- Solution- Asymmetric or aromatic 150pm <2nmosmosis 25bar
Seawater:
40-80bar
diffiision composite polyamide; 
polyamide and 
poly(ether urea)
2.1.2 Membrane modules and membrane configurations
The membrane itself is the ‘heart’ of any membrane process yet the physical 
unit that houses the membrane, termed module or separation unit, is of equal 
importance. A number of modules connected together in series or parallel is
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called a stage. The module is an appropriately designed configuration and must 
satisfy a number of mechanical, hydrodynamic and economic requirements, all of 
which are subject to optimisation particularly in the case of industrial 
applications.
Mechanical requirements
• effective physical separation of the feed and permeate streams
• provision of adequate physical support (to sustain the required
pressure drops)
Hydrodynamic requirements
• minimisation of pressure drop through the module
•  optimisation of solute mass transfer
•  elimination of ‘dead’ areas
•  minimisation of particulate plugging
Economic requirements
• maximisation of the ratio of membrane area to module volume (packing 
density)
• minimisation of manufacturing costs
•  provision for in situ cleaning and/or easy membrane replacement
• sufficient resistance to chemical corrosion
• maximum operational lifetime
In the simplest of cases there are two possible modes under which a module can 
be designed and operated:
i) Dead-end or frontal flow operation, where the feed solution is put under 
pressure and ‘forced’ through the membrane. The solute is separated from the 
permeating solvent (permeate) and will build up a concentrated layer of rejected 
solute at the membrane interface,
ii) Cross-flow operation, where the solution flows tangentially over the 
membrane interface (figure 2.3). Liquid permeates through the membrane and the 
feed emerges from the module in a more concentrated form after filtration 
(retentate). Even though dead-end microfiltration is still used in industrial
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clarification of liquids, most of the microfiltration and ultrafiltration processes are 
operated under cross-flow since this mode of operation has several advantages:
i) most importantly it allows for high tangential velocities and/or 
turbulence in the membrane vicinity and, thus, the feed solute mass 
transfer rate is higher and the formation of excessive deposits on the 
membrane surface is avoided
ii) as a consequence of the above, a higher overall liquid permeation rate 
is achieved
iii) the solute content of the retentate may be controlled and varied over a 
wide range
iv) it may be possible to fractionate solutes of different sizes
v) the retentate remains in a mobile form which is suitable for further 
processing
vi) cross-flow operation is more economical since the membrane lifetime 
is increased and energy required for the separation is more efficiently 
used
Cross-flow microfiltration and ultrafiltration processes can be used to: i) to 
purify a solvent by removal of solute; ii) concentrate the solute by removal of 






Figure 2.3: The concept of cross-flow filtration.
The currently commercially available membrane modules can be divided into 
the following four types:
Retentate
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i) Plate-and-frame module. Multiple flat sheet membranes are used in a 
‘sandwich’ arrangement, consisting of the support plate (which determines the 
permeate flow-path), the membrane and the channel spacer (figure 2.4). The feed 
channel is typically 0.03-0. lcm in height and can be fully open or it can employ 
an appropriate screen (typically a polypropylene mesh) to promote local mixing 
(flow turbulence) and improve the overall mass transfer coefficient. The small 
channel height leads to relatively high packing densities (generally SOO-SOOm'1) 
and low hold-up volumes.
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Figure 2.4: Schematic drawing of a plate-and-frame module.
ii) Spiral-wound module. It comprises several flat membranes separated by a 
turbulence-inducing spacer and formed into a ‘sandwich roll’ around a central 
collection pipe and the whole is immersed in a pressure vessel. The feed flows 
axially through the cylindrical module parallel to the central pipe, whereas the 
permeate flows radially towards the central pipe where it is collected (figure 2.5). 
Flow in such systems has a turbulent character. Spiral wound modules have high 
packing densities (300-1000m'1) and very effective mass transfer characteristics 














Figure 2.5: Schematic drawing of a spiral-wound membrane.
iii) Tubular module. A number of tubular membranes (with a typical tube 
diameter of 0.3-2.5cm) are placed inside a porous stainless steel, ceramic or 
plastic tube that acts as a support. The feed flows through the centre of the tube, 
while the permeate flows through the porous supporting tube into the module 
housing (figure 2.6). In order to obtain effective mass transfer in such large- 
diameter tubular systems, operation under turbulent flow regime is common 
practice.
Tubular devices have the highest pumping costs of all of the available modules, 
due to the large tube diameters. The primary advantage of tubular modules is their 
high resistance to particulate plugging. Modules are designed so that the bore 
diameter is approximately 10 times the size of the largest particulates in the feed, 
which allows the units to be used without any pre-treatment of the feed for many 
applications. Cleaning of tubular modules is easy either with chemical or 
mechanical methods. The main disadvantages are the low packing densities 
(clOOm*1), the high hold-up volumes and the high capital costs for these systems 





Figure 2.6: Schematic representation of the tubular module.
iv) Hollow-fibre module. This type of module consists of a large number of 
self-supporting capillaries assembled together. These fibres have a dense skin- 
layer that gives the membrane its permselectivity and a more open matrix that 
provides the membrane its structural integrity. The dense skin-layer is typically at 
the lumen side of the fibre (an ‘inside-out’ filter) although it can be placed on the 
outside of the filter (an ‘outside-in’ filter). Fibre diameters range from 200 to 
2500jim with the fibre wall around 200pm in thickness. Bundles of fibres (50- 
10,000) are sealed together at their free ends with agents such as epoxy resins or 
polyurethans. The capillaries can be arranged in two distinct ways: a) the feed 
passes through the openings of the capillaries, whereas the permeate is collected 
on the outside of the capillaries (figure 2.7a), or b) the feed solution enters the 
module from the external side of the capillaries and the permeate passes into the 
capillary pore (figure 2.7b). The choice between the two arrangements depends on 
the application where parameters such as pressure, pressure drop and type of 
membrane are important.
Hollow-fibre modules have a very high packing-density (<30,000m*1, fig.2.8) 
due to the very narrow diameters of the individual fibres. They also have 
relatively low manufacturing costs. They have the ability to obtain high mass 
transfer rates even at relatively low volumetric flowrates. One of their main 
disadvantages is that they tend to be very susceptible to particulate plugging; thus 
for most industrial streams, the feed must be pre-filtered. They also have high 
replacement costs since, usually, the whole cartridge has to be replaced, even
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though technology has now been developed to recycle large modules (up to 







Figure 2.7: Schematic drawing of the two possibilities for the hollow-fibre 
module.
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Figure 2.8: Schematic representation of the hollow-fibre membrane module.
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2.1.3 Performance of membrane separations
The simplest way to assess the performance or efficiency of a given membrane 
separation is by determining two parameters: i) selectivity and ii) flow through 
the membrane. The latter is usually expressed as flux or permeation rate, i.e. the 
volume flowing through the membrane per unit area per unit time (with the most 
common units used being m3-m‘2-s"i, most usually jim-s'1 and L-m^ h'1).
The selectivity of a membrane towards a mixture is usually expressed by the 
rejection coefficient R. For mixtures consisting of a solvent, which can pass freely 
through the membrane, and a solute, which is partially or completely retained by 
the membrane, the observed rejection coefficient is given by the following 
equation:
_ Cf ~ CP _   ^ CP
cF ~cp
where Cf is the solute concentration in the feed and Cp is the solute 
concentration in the permeate. The rejection coefficient is a dimensionless 
parameter and does not depend on the units used. The value of R varies between 0 
(both solute and solvent pass freely through the membrane) and 1 (complete 
retention of the solute).
There are also two other important parameters that are taken into account in the 
design of membrane processes: i) the recovery or yield (S), defined as the fraction
of the feed flow that passes through the membrane: S  = — , where qF is the feed
flowrate and qp is the permeate flowrate; ii) the volume reduction ratio (VR), 
defined as the ratio of the initial flowrate over the retentate flowrate indicating the
extent to which a certain solution has increased in concentration: VR = — .
<1r
2.1.3.1 Flux decline in membrane processes
An inherent characteristic of membrane processes is that the permeation flux 
declines with time compared to the pure solvent (water) flux. Such a behaviour 
drastically decreases the overall process performance. In the case of ultrafiltration
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of macromolecules the phenomenon is more marked mainly because of the nature 
of the materials being processed.
Flux decline can be caused by several factors such as concentration polarisation, 
adsorption, gel layer formation and plugging of the pores. All these factors 
generate additional resistances on the transport across the membrane. The extent 
to which these phenomena are present depends on the type of membrane process 
and feed solution used.
Convective flux through the membrane is defined as: flux = (driving 
force)/(viscosity) (total resistance) and in the case of pressure-driven processes:
j _  V _ AP 
A-At H R ,,,
where: J is the permeate flux, V is the volume of liquid processed during a At 
period of time; A the membrane area; AP is the pressure drop across the 
membrane; p the viscosity of the permeate and Rt<* is the total resistance to 
transport consisting of the sum of the individual sources of resistance mentioned 
above. In an ideal case, only the resistance of the membrane itself is present (Rm).
The quantity — -—  is termed as hydrodynamic permeability.
JU' Rm
In an attempt to understand flux decline phenomena, study of the flux history 
(variation of flux with time) of an ultrafiltration membrane is useful (figure 2.9). 
This can be divided into three distinct phases (Fane, 1983).
I) The first is the initial solvent flux decline. During this stage the membrane 
may be washed and have its water flux measured; contamination by 
microorganisms and trace colloids readily occurs. Decrease in membrane porosity 
resulting in flux decline can also be attributed to hydrolysis of the membrane 
material or compaction. Compaction can be defined as the mechanical 
deformation of the polymeric membrane matrix, which causes the structure to 
densify. At this phase, usage of ultra-pure water is recommended to minimise flux 
losses, as, at that stage, the membrane is very sensitive to changes in available 
porosity.
IT) The second phase, i.e. the initial ultrafiltration flux decline, is caused mainly 
by the formation of the concentration polarisation layer. Concentration 
polarisation arises from the rejection of macromolecules at the surface of the
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membrane and their build - up until the rate at which they are transported back 
into the bulk solution by diffusion, is equal to the rate at which they are brought to 
the membrane surface. It occurs quickly, usually within a few seconds from start­
up. The concentration polarisation layer causes a severe reduction in the permeate 
flux. Pore-plugging also occurs in this stage usually very rapidly. Also, impurities 
present in water (any type of colloids) could cause additional decline in flux. 
Adsorption to membrane can also occur during this stage normally within the first 
few minutes of filtration.
HI) The last phase, i.e. a long-term flux decline, is related to interactions 
between the solutes and the membrane (solute deposition and/or adsorption) and 
also due to the interactions between solutes. Whilst flux decline due to 
concentration polarisation is reversible, the long-term decline in permeate flux 
(termed fouling) is often irreversible. Although its effects are observed generally 
within a range from minutes to days of operation, it usually commences at time 
zero even as the build - up of concentration polarisation occurs. This slow and 
continuous decline of permeation flux is substantially independent of feed solute 
concentration and upstream hydrodynamic conditions. Owing to their importance 
concentration polarisation and fouling will be studied in more detail in the 
following sections.
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Figure 2.9: Typical flux history for an ultrafiltration membrane.
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2.1.3.2 Concentration polarisation
Concentration polarisation results from the rejection of macromolecules at the 
membrane front surface and their build-up until the rate at which they are 
transported back into the bulk liquid, by molecular or eddy diffusion, is balanced 









uo Distance from membrane
Figure 2.10: Concentration polarisation at the membrane surface.
Typical operating patterns for ultrafiltration as a result of concentration 









Figure 2.11: Typical dependence of membrane flux on: a) applied pressure 
difference, b) solute concentration and c) cross-flow velocity (Bowen, 1993).
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The first model to account successfully for the patterns observed in figure 
2.11(b) and (c) was the film model (Porter, 1972; Wijmans et al.9 1984). The mass 
balance in the concentration boundary layer (fig.2.10) close to the membrane 
surface can be written as follows:
J D d C } 
_ A &  jrss^  a/mOL roL — + J —  
dt dx dx
dCwhere J —  represents the convective transport towards the membrane and
dx
j D d C }
\ - * r ) represents the back-diffusion as a result of the concentration gradient.
dx
When the diffusion coefficient is constant the equation becomes:
dC r dC _ d2C—  + J —  = D  —
dt dx dx
The starting and boundary conditions are: t=0 then C=Cb, x=S then C=Cb, and
fd C \x=0 then J  • (Cm -  C_) = D • —  When steady-state is reached the following
x=0
expression is obtained:
D Cm- C v
where D : diffusion coefficient, 5: thickness of the film, Cm: solute 
concentration at the membrane surface, Ci,: solute concentration at the bulk of the 
solution and Cp: solute concentration at the permeate. It must be noted that for 
some solutes the diffusion coefficient is a function of concentration, and for a 
solution containing more than one solute it may represent the diffusion of a 
number of solutes.
The quantity D/S is the mass transfer coefficient k and eq. 1 can be re-written:
C - C  
J  = k- In—  — (eq.2)Ct-c, w
In section 2.1.3 the definition for the retention coefficient was given, which is 
the observed retention coefficient in contrast to the true (or intrinsic) retention 
coefficient defined as:
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Equation 2 can be used to give a relationship between R, and Robs (as defined in 
sec.2.1.3):
4 * . = ---------- ---------- r (eq-3)
k
which shows that the observed value c f the retention coefficient is dependent 
upon the fluid dynamic conditions (that determine flux and mass transfer 
coefficient) as well as the value of the intrinsic retention coefficient Ri (Field, 
1993).
In the case where there is 100% rejection of a solute, and thus Cp=0, equation 2 
becomes:
J  = k l n ^  (eq.4)
^b
The above equation explains the dependence of flux on lnQ, and through the 
use of conventional correlations for the mass transfer coefficient, the dependence 
of flux on in(cross-flow velocity). These mass transfer correlations are Sherwood
d hrelations of the type Sh = k Re9mScrwhere Re: Reynolds number,
d h • 1/ • 0  71Re = —------- , Sc: the Schmidt number Sc = —1— and p, q, r. adjustable
ft D p
parameters (tfc: hydraulic diameter, p: density and q: viscosity). Usually the 
description of the mass transfer coefficients is given for laminar and turbulent 
conditions separately and the most commonly used are presented in table 2.3





















L*: length of entry region, L*=0.029dhRe
However, there is a vast number of such correlations; 27 different Sherwood 
correlations were reported only for turbulent flow of Newtonian fluids in pipes or 
ducts (Gekas and Hallstrom, 1987), in addition to those for laminar flow and for 
non - Newtonian fluids. Moreover, many correlations have not been developed for 
membrane processes, or are derived from heat/mass transfer analogies. Thus, 
choosing the relationship that accurately describes a given system is very 
difficult.
The film model can only explain the pressure dependent region shown in figure 
2.11(a), i.e. the area where flux increases proportionally with increasing pressure. 
However, there is a finite value of pressure after which flux does not increase 
further on increasing the pressure. This maximum flux is called limiting flux and 
depends in the bulk feed concentration and the mass transfer coefficient k. In turn, 
the mass transfer coefficient depends on the rheology and hydrodynamics of the 
solution. In order to distinguish between the limiting flux solely due to 
concentration polarisation and not that due to simultaneous occurrence of 
adsorption and/or fouling, the term cideal limiting flux’ is often used. The two 
most widely used models describing the effects of concentration polarisation (i.e. 
the presence of limiting flux) are the gel-polarisation model and the osmotic 
pressure model.
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i) Gel-polarisation model. The basic characteristic of this model is the 
assumption that the concentration at the membrane surface cannot exceed a fixed 
value, Cg. Any further increase in the applied pressure will result in an increased 
thickness of the gel layer, but not in an increase in flux. With the additional 
boundary condition that Cm=Cg equation 4 becomes:
Ce
J  = k \n—
Q
In this case it is assumed that the limiting concentration at which deposition of 
the solute occurs is controlled by the critical solubility of the solute. However 
such an assumption is not always reliable because it has been experimentally 
shown that the value of Cg of a given solute can vary as much as 50% with 
different membrane types. This suggests that in many or most of the cases, the 
apparent constant value of Cg may not be related to gelling.
Moreover the above equation for gel-polarised conditions is developed 
assuming that, the membrane surface is homogeneously permeable which is not 
entirely correct. Thus a modified polarisation model was suggested (Fane et al., 
1981) which takes into account the effect of the membrane properties to the 
permeation flux. The previously mentioned equation was corrected as follows:
C
J  = X-kln—
C
where Xe is termed the ‘effective free area’ of the membrane and can be viewed 
as a measure of the fraction of the membrane surface through which the majority 
of the solvent passes. For a homogeneously permeable membrane surface Xe=1.0 
and for a membrane with a few well-spaced pores available for solvent passage it 
will be less than 1.0.
ii) Osmotic pressure model. This model provides a more complete description 
of the dependence of membrane permeation on the applied pressure, by 
considering the effect of osmotic pressure of the macromolecules. The basic 
equation of this model is:
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where All is the osmotic pressure difference across the membrane. The value of 
All is determined by the concentration at the membrane surface, Cm (obtained 
from the basic film theory equation), by using correlations developed for
n
concentrated solutions of the general form 11= ^  a, • C '. The limiting flux can be
<=i
explained by the osmotic pressure model because at sufficiently high Cm the 
osmotic pressure difference across the membrane {i.e. the difference between the 
osmotic pressure of the concentration polarised solution at the membrane surface 
and of the permeate), approaches the applied pressure across the membrane.
In general, concentration polarisation has four main effects (Field and Aimar, 
1993):
• changes in the physico-chemical properties (e.g. viscosity) 
within the membrane boundary layer
• osmotic pressure increases that counter-balance the applied 
pressure difference
• changes in membrane properties due to membrane-solute 
interactions {i.e. fouling)
• appearance of gelation at sufficiently high surface 
concentrations.
With the exception of fouling which is studied separately, the models described 
above do not account for the changes in the physico-chemical properties within 
the concentration boundary layer. A proposed model (Aimar and Sanchez, 1986)
demonstrated that limiting flux is only attributed to the decrease in the mass 
transfer coefficient when the concentration increases in the boundary layer. This 
model is important since the so-called ‘transfer impedance’ (dJ/d(AP)) is analysed 
as a function of the operating conditions, allowing the consideration of the
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membrane properties, the osmotic pressure and the variations in the physico­
chemical properties of the solution with hydrodynamics and applied pressure. In 
summary, the model comprises the following two equations:
J  = K u yCm~x)n c . and AP = R*J+'Ea,C‘m1=1
where: K  = A • Z)(1 x) • x) • (A, x, y: parameters from Sherwood
correlation of the type Sh=ARexScy(dh/L)z, R^ ,: hydraulic resistance of the 
membrane, Oi (i=l=3): virial coefficients in the expression of the osmotic 
pressure: All = a xC + a 2C2 + a3C3
A more recent model for limiting flux focuses exclusively upon the effect of the 
physico-chemical properties and particularly the effect of viscosity (Aimar and 
Field, 1992; Field and Aimar, 1993). It is based on the increase in viscosity near 
the membrane wall due to concentration polarisation. This causes an increase of 
the ‘effective’ thickness of the concentration boundary layer compared to the one 
that would be obtained under isoviscous conditions (uniform viscosity in the 
boundary layer and bulk solution) and, thus, a decrease in the mass transfer 
coefficient. The viscosity variation is taken into account by incorporating a 
Sieder-Tate type of correction factor to the Sherwood correlation for mass transfer
coefficient: k - k . where ko is the mass transfer coefficient in the absence
of polarisation, pw is the viscosity at the membrane wall and p* is the viscosity of 
the bulk solution and z is an index reflecting the effect of variation in viscosity 
with suggested values of 0.14 or 0.27. Osmotic pressure effects are included, and 
the model is extended to include the pre- and post-limiting flux region (where the 
permeate flux can actually decrease with increases in pressure). More 
importantly, it demonstrates that cross-flow ultrafiltration systems will exhibit a 
limiting flux, which is independent of any supposed gelation or osmotic effects.
The rheological behaviour of the feed solution is also important when the fluid 
exhibits non-Newtonian behaviour, due to changes in the bulk viscosity during 
concentration of such solutions that may occur in ultrafiltration runs. In turbulent
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conditions, the increase in bulk viscosity causes the decrease of turbulence and 
thus reduction in the mass transfer coefficient. On the contrary, under laminar 
conditions, the increase in bulk viscosity causes an increase of the shear stress at 
the membrane surface which, in turn, can lead to an increase in the shear rates in 
the concentration boundary layer improving mass transfer (Pritchard et ah, 1995; 
Howell etal', 1996).
Generally, measures to minimise the reduction in flux when the latter is 
dominated by concentration polarisation should aim mainly to control the rate at 
which retained solutes can be back-diffused from the membrane surface to the 
bulk liquid. Thus, proper selection of the operational variables, which aid back- 
transport, will increase flux (Wijmans et a l, 1985). The shear rate at the 
membrane surface is a major depolarising parameter. Increasing the circulation 
velocity at the membrane module can increase the shear rate. However, this in 
turn will result in a pressure increase that will increase the rate of convective 
transport of solutes towards the membrane surface. Therefore, the flux levels off 
as the circulation velocity increases. Thus, it is useful to use modules where the 
shear rate can be varied without affecting the operating pressure.
2.1.3.3 Fouling
Fouling occurs as the result of specific physical or chemical interactions 
between the solutes and the membrane or between the solutes themselves. Thus, 
its occurrence depends heavily on the nature of both the solute and the membrane. 
However two major causes of fouling can be identified (Bowen et al.y 1995; 
Jonsson, 1995). The first is the deposition of solute molecules at the surface of the 
membrane where a cake layer is formed. This type is characteristic in filtration of 
colloidal suspensions. In the particular case where the solutes/particles are of the 
same size range as the membrane pores, the pores can become blocked. This 
blocking (or plugging) of the pores increases the hydraulic membrane resistance, 
while consequent cake formation produces an additional layer increasing the 
resistance to the permeate flow even further.
It has to be noted that the difference between cake fouling (at the membrane 
surface) and concentration polarisation is that the latter is a boundary layer
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phenomenon whereas the former is an interfacial phenomenon. In the case of 
fouling the solute-solute interactions between the solutes deposited at the 
membrane surface are so strong that it is impossible to reduce the thickness of the 
boundary layer by increasing the shear rate. With some types of modules it is 
possible to remove the cake by shutting off the permeate flow; the convective 
transport of solute towards the membrane stops and the cake of deposited material 
can be washed away with the retentate stream (Jonsson, 1993). The cake can be 
also removed with back-flushing, where the direction of the flow is reversed 
forcing pure solvent (water) from the permeate side to the feed side (Redkar and 
Davies, 1995). Altering the parameters that contribute to solute aggregation (such 
as ionic strength of the solution and pH) can also control this type of fouling.
The second type of fouling appears when solutes are deposited in the membrane 
matrix usually by adsorption. The adsorption of solutes occurs on the surface of 
the membrane and/or on the pore walls depending on the size ratio of the solute(s) 
and pore. It is a very common cause of fouling when proteins are filtered (Suki et 
a!., 1984; Brites and De Pinho, 1993), but it can also occur with low-molecular 
weight solutes (Crozes et at., 1993; Lindau et al., 1998; Lindau, 1998). The 
mechanisms of fouling due to protein adsorption in particular have been 
extensively studied because of the special interest on membrane filtration of 
proteins in food processing and biotechnological industries. In many studies 
model proteins have been used, the most common one being bovine serum 
albumin (BSA). The main conclusions show that, in general, larger amounts of 
proteins are adsorbed at their isoelectric points and that hydrophilic membranes 
(e.g. cellulose acetate) demonstrate significantly lower adsorption (Dejmek and 
Nilsson, 1989) and that adsorption is strongly pH-dependent (Hanemaaijer et al, 
1989). The loss of flux can be attributed to narrowing and blocking of the pores 
due to adsorption and possibly precipitation of poorly soluble salts, occurring 
mainly inside the membrane pores (Matthiasson, 1983).
Fouling of this type can be reduced by minimising the solute membrane 
interactions, e.g. by changing the nature of the membrane (from hydrophobic to 
hydrophilic), or by modifying the properties of the membrane surface. Also 
membrane conditioning can be a useful tool in reducing adsorption; it involves
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pre-adsorption of non-toxic adsorbents that have a strong affinity for the 
membrane but have relatively small effects on separation characteristics.
2.1.3.4 Concept of critical flux
Most ultrafiltration and microfiltration experiments are usually carried out 
under constant applied pressure difference (trans-membrane pressure) and flux is 
studied with time under various operating conditions. This, however, may cause 
problems since the flux variation often produces changes in operating conditions, 
such as concentration, rheology and solubilities (Aimar and Howell, 1989). 
Therefore, it would be beneficial to perform experiments under constant flux 
instead of constant trans-membrane pressure. Microfiltration experiments using 
yeast cell debris showed that, at sufficiently low trans-membrane pressures, the 
permeate flux remained constant for a constant value of the transmembrane 
pressure (Howell, 1995). From that observation it can be deduced that under such 
circumstances fouling is slight or negligible. When the trans-membrane pressure 
is increased, fouling is observed and the flux declines towards its previous value 
or even below it. Thus, the critical flux hypothesis was proposed for 
microfiltration (Field et al, 1995), according to which
On start up there exists a flux below which a decline of flux with time does not 
occur, above it fouling is observed. This flux is the critical flux and its value 
depends on the hydrodynamics and probably other variables.
Two forms of critical flux can be distinguished: the strong form corresponds to 
that value of flux which*is the same as the one for clean water {i.e. the membrane 
resistance remains unchanged, unaffected from fouling) and the weak form where 
on start-up a constant flux (lower than the clean water flux) is rapidly established 
and maintained (Wu et al., 1999). It is difficult to determine a priori the critical 
flux because surface interactions of the species involved can vary significantly in 
different systems. Nevertheless, the critical flux concept maybe of value as a guide 
when optimising a system. It also suggests that it may be advantageous to operate 
below the critical flux value in order to avoid over-fouling and minimise cleaning. 
If such an operation can be sustained and low energy promoted then energy is 
saved and costs for cleaning are minimised or even removed completely (Howell, 
1995).
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2.1.4 Characterisation of membranes
Characterisation of the pore properties (mean pore size and pore size 
distribution) in a membrane is important not only for obtaining information about 
the factors affecting pore formation, but also for understanding the mechanisms of 
solute and solvent transport through the pores (Youm and Kim, 1991). Many 
methods of quantitatively characterising the pore properties (especially in the case 
of ultrafiltration membranes) have been reported in the literature (Meadows and 
Peppas, 1984): solvent and gas flow measurement, bubble point determination, 
electron microscopy gas adsorption / desorption measurement, rejection 
measurement etc.
The simplest method of all, and the most widely used is the rejection 
measurement; where the pore properries are described by a molecular weight cut­
off (MWCO) and/or a solute rejection curve (also termed as sieving curve). A 
sieving curve is a graph presenting the variation of the retention coefficient with 
the molecular weight of a macrosolute; it describes the selectivity of a membrane 
and thus is very useful characteristic for membranes that will be used for 
fractionation.
In order to obtain information about the properties of a porous membrane from 
an experimental sieving curve (using test solutes), theoretical relationships must 
be available which relate solute transport, pore size and solute molecular size. 
Such relationships can be derived after making certain assumptions concerning 
the shape of the test solutes and the shape of the pores (Meadows and Peppas, 
1984). Most of the studies on membrane characterisation are based on the 
assumption that the test molecules behave like rigid spheres and that the 
membrane pores are cylindrical and of a length much greater than their radius.
These basic assumptions are useful for the derivation of theoretical 
relationships. In practice however, in order to measure the real rejection of the 
membrane pores alone certain parameters must be carefully controlled, to avoid 
interference of secondary phenomena. Thus, membrane and solute must be 
chosen so that no electrostatic interactions between them occur so that solute 
partitioning (inside/outside of a pore) is a result only of steric (size) effect. The
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operating conditions must be chosen in such a way that concentration polarisation 
is kept to a minimum and if it occurs it should be taken into account.
Traditionally, sieving curves were obtained by performing several single-solute 
protein ultrafiltration experiments. The main disadvantage of this method is that a 
series of proteins is required for the rejection curve which does not represent a 
homogeneous group of macrosolutes because of differences in amino acid 
composition and sequence, molecular shape, hydrophilicity / hydrophobicity and 
charge distribution between different proteins (Zeman and Zydney, 1996). In the 
case where a protein is used as the test solute, possible protein adsorption must be 
taken into consideration. In practice the membrane and the protein solution are 
brought into contact before the actual filtration, i.e. with no pressure applied, and 
allow for adsorption equilibrium to be reached.
A more reliable method for characterisation involves the use of polydisperse 
hydrophilic polymers, mainly dextrans (branched, neutral, randomly-coiled 
polysaccharides) (Tkacik and Michaels, 1991). The main advantages of using 
dextrans are related to the facts that: i) they comprise a wide ‘family’ of fractions 
with different molecular weights that are readily commercially available; ii) they 
are generally non-fouling; iii) they are non-toxic and iv) they are stable and 
resistant to oxidative degradation. For the low-molecular-weight end of the solute 
rejection spectrum maltodextrins can be used instead (Cooper and van Derveer, 
1979).
In practice the characterisation method consists of the following two steps:
•  ultrafiltration experiment using the membrane of interest in a 
suitable device with the feed solution to be used for characterisation.
• determination of the molecular weight distribution of the solute in 
both the retentate and permeate streams.
In the case of dextrans this step is mainly achieved through the use of size- 
exclusion chromatography (with a refractive index detector). Use of size- 
exclusion chromatography requires that the system be calibrated using appropriate 
sets of standards in order to convert the chromatograms obtained to molecular 
weight distributions. Molecular weight distributions can, in turn, be translated to 
rejection curves (rejection as a function of molecular weight) using the following
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equation: R(MW) = 1 -  ^  » where RIp(MW) and RIr(MW) are the plots
of integrated detector response versus molecular weight for both the retentate 
(subscript r) and the permeate (subscript p).
The appropriate conditions for the ultrafiltration experiments must be carefully 
chosen during the characterisation procedure. This usually means use of such 
cross-flow velocities to obtain sufficiently high wall shear rates, yw and mass 
transfer coefficient, k (yw=l,300s‘1, k>210*2cm/s are desirable). The permeate 
flux, J, should be around 210'4cm/s. Substituting these values in eq.3 (section 
2.1.3.2), Robs/Ri>0.99 for the whole rejection curve spectrum (0<Ri<l).
The effects of permeate flux (and thus concentration polarisation) on dextran 
(observed) rejection are shown in figure 2.12 for a polyethersulphone (PES) 
membrane with a lOkDa MWCO.
(1) ”  — 3.5 x 1 O '* cm /sec
(2) —  11 x  1 O '4  cm /sec
1000 10000 100000 1000000
Figure 2.12: Effects of increased permeate flux in a polydisperse dextran 
rejection test using a lOkD MWCO PES membrane (Tkacik and Michaels, 1991).
From the figure above, it is obvious that with increasing permeate flux the 
observed rejection decreases for the high molecular weight end of the curve but it 
increases in the low molecular end of the curve. The decrease at the high 
molecular weight end can be explained taking into account eq.3 (sec.2.1.3.2) and 
also the fact that for dextrans the mass transfer coefficient decreases with 
increasing molecular weight in the following manner: kocD^ocfMW)-0 552 (Preston 
and Comper, 1982). The increase in the low molecular weight end can be
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explained by the possibility of larger dextran molecules accumulating in the 
boundary layer and interfering or blocking the passage of smaller dextran 
molecules.
In most of the experimental studies membranes having a relatively 
homogeneous pore size have been employed. Based on the all the assumptions 
mentioned above, parameters other than molecular weight of test solutes can be 
used to characterise membrane rejection. The most commonly used parameter is 
the Stokes radius or the apparent equivalent spherical radius’. For a test solute it 
is calculated from measurements of diflusivity o f the macromolecule in free
kTsolution by using the Stokes-Einstein’s equation: D = --------, where D: the
6mja
measured diffusion coefficient; 11: the solvent viscosity; a: the Stokes radius, t. 
the Boltzman constant and T: the absolute temperature. The Stokes radius has 
unequivocal physical meaning only for a rigid spherical particle in a fluid 
continuum. When Stokes radii are required, a reliable correlation can be used 
which is obtained from diffusion experiments: log(a)=0.470-log(MW) -  1.513 
(Granath and Kvist, 1967).
The sieving coefficient of a membrane (S) is the fraction of the test solute 
present in the solution upstream of the membrane which is delivered in the 
permeate side. Its complement is the rejection coefficient (R=l-S). The sieving 
coefficient varies between 0 and 1 with varying molecular size to yield the 
characteristic S-shaped (sigmoidal) sieving curve. The similarity of appearance of 
a sieving curve to cumulative-particle-size-distribution curves for particulate 
solids has led to the probabilistic approach of correlating membrane rejection 
data. The most reasonable and acceptable correlation basis up to now is the log­
normal distribution function. This function has been used (Michaels, 1980) to fit 
the shape of a sieving curve as a function of the Stokes radius using dextran as the 
test solute. It has been calculated that, using the log-normal distribution, a sieving 
curve for a given membrane can be described from only two experimental values 
of the sieving coefficient for two solutes with different Stokes radii. Thus, a 
membrane can be completely characterised by a geometric - mean Stokes radius 
( a )  and the geometric standard deviation of the Stokes radius (aa). This
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approach is more reliable than using a single parameter (MWCO) for the 
description of the sieving characteristics of a membrane.
Other types of equivalent dimensions of macromolecules have been used as 
well such as the hydrodynamic radius Re or the geometric radius of gyration. Both 
of these equivalent dimensions are obtained from intrinsic viscosity data (Munch 
et al. 1979). Based on hard-sphere equivalence the intrinsic viscosity is given by 
the following equation:
4 N  
[17] = 2.5(—;cR3)——
1,1 K3 M
where Na is the Avogadro’s number and M: is the average molecular weight of 
the solute.
The radius of gyration (Rg) is given by the equation: Rg = ^ R e, where £: is the
correlation length (Floiy, 1969). The average molecular weight is determined 
from intrinsic viscosity measurements by a correlation of the form [r|] = KM°, 
where K, c are parameters whose numeric values depend on the nature of the 
macrosolute and the ionic strength of the solution (Noda etal. , 1970).
Another approach that is more likely to provide a standard method of 
characterisation of a membrane is the use of the hydrodynamic volume, which 
describes adequately the actual volume of a molecule travelling through a pore 
(Meireles et al., 1995). The conventional sieving curves are not universal: the 
sieving coefficients obtained for one class of molecules cannot be used to predict 
the behaviour of a different class, because of differences in the three-dimensional 
structures macromolecules, e.g. proteins and dextrans. The size of the test 
molecule has a very important effect on retention. An independent calibration 
method of the test molecules is needed, with a mechanism other than sieving 
(Meireles et al., 1995). Again, chromatographic methods, such as gel-permeation 
chromatography (de Balmann and Nobrega, 1989; Kassiotis et a l,  1985) or 
HPLC (Klein et al., 1983), could be very useful in such an application.
The assumption of test solutes behaving like rigid spheres is not always valid. In 
fact deformation of macromolecules is possible, resulting in a decrease in 
rejection during membrane filtration. The deformation is caused by longitudinal 
shear rate developed as the macromolecules proceed towards the pore (Nguyen
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and Neel, 1983; Nobrega et a l, 1989). Brownian fluctuations tend to restore the 
distorted molecule and there is a critical value for the shear rate, above which 
deformation predominates and not sufficient time is allowed for the relaxation of 
the macromolecule. The critical shear rate value is a function of the solute 
concentration, i.e. the higher the concentration of the feed solution the easier is to 
attain and exceed the critical value shear rate.
There are theoretical calculations that correlate the critical flux (i.e. the 
minimum flux required to produce sufficient deformation of a macromolecule to 
allow its passage through a pore previously impervious). For a dilute solution the 
critical flux is found to be independent of the concentration. In contrast, for a 
semi-dilute solution, it decreases rapidly with concentration. In both cases, the 
value of the critical flux also depends on membrane properties, such as surface 
porosity, as well as on macromolecular solution parameters, such as radius of 
gyration and solvent viscosity. In order to avoid deformation phenomena, that 
cause undesirable rejection coefficient decline, it is advisable to choose 
appropriate operating conditions (low applied pressure and thus lower flux, and 
low solution concentration).
Another phenomenon heavily affecting rejection is membrane fouling due to 
adsorption. It has been found that, during ultrafiltration experiments using 
adsorbing proteins, the porosity of the membrane decreases due to adsorption 
(Fane et a l , 1983a) and the shape of the sieving curves changes as well, with 
experimentally measured sieving curves typically being steeper than the 
theoretical (Zeman, 1983).
There are two basic mechanisms by which rejection may occur (Munch et al, 
1979). The first is an equilibrium partitioning of the macromolecules between the 
solution just inside and just outside the pore entrance. The spatial distribution 
inside the pore dictated by the equilibrium in combination with the non-uniform 
velocity field, produces a flux of macromolecules, which is smaller than the one 
that would exist without the spatial distribution (Brenner and Gaydos, 1977). In 
the second mechanism, the effect of sieving dominates at the pore entrance and 
rejection is determined by the hydrodynamics at the pore entrance. Which o f the 
two mechanisms is controlling is determined by the entrance Peclet number:
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PeB = where r0: the pore radius, j: the flux through the pores and D: the
diffusion coefficient. Entrance Pe number can be thought as the ratio of diffusion 
time (r02/D) to convection time (j/r0) for a macromolecule to transverse a distance 
of r0. WhenPtf* «  1, then the flow is slow enough and macromolecules have 
time to diffuse (due to Brownian motion) and establish a partition equilibrium in 
the area of the pore entrance, with the concentration inside the pore being smaller 
than in the area of the pore entrance. When PeE»  1, convection dominates and 
the macromolecules are swept into the pore (Aimar et al.9 1990).
Similarly to the intrinsic retention coefficient, an actual membrane sieving 
coefficient can be defined as the ratio of the solute concentration in the permeate 
(Cp) to that in the boundary layer immediately upstream of the membrane (Cm). 
The actual sieving coefficient can be evaluated in terms of the intrinsic membrane 
transport parameters according to the following equation:
s  _ C p  _  ■Vexplf’e)
'  Cm S„ +exp(Pe)-l 
The actual sieving coefficient is clearly a function of the permeate flux with S* 
becoming equal to the asymptotic sieving coefficient S* only in the limit of 
Pe->oo. The previous equation also predicts that S»=l in the limit of Pe-»0 
irrespective of the membrane properties, assuming that the membrane is at least 
partially permeable to the solute of interest.
Experimental data for the actual sieving coefficient for the transport of BSA 
(MW=69kDa) through a lOOkDa MWCO PES membrane are shown in figure 
2.13 (Opong and Zydney, 1991). At very low fluxes, the actual sieving coefficient 
is essentially equal to 1 as solute diffusion equalises the solute concentrations on 
the two sides of the membrane. As the permeate flux increases the actual sieving 
coefficient decreases due to the reduction in the diffusive contribution to the 















Filtrate Flux, Jy (m/s)
Figure 2.13: Actual sieving coefficient for BSA as a function of the permeate 
flux (Opong and Zydney, 1991).
Thus, when the solute passes through the membrane into the permeate solution, 
the permeate concentration is only slightly less than Cm and Sa is almost equal to 
1. As Pe increases, the effects of solute convection become more important 
relative to diffusion and the solute concentration gradients become steeper in 
order to counter-balance the increased variation in the convective solute flux 
across the membrane. The net result is that the solute concentration decreases at 
the downstream membrane-permeate interface with increasing Pe causing a 
decrease in the permeate concentration and thus Sa. At very high Pe the solute 
concentration attains a constant value with Sa—»Soo.
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2.2 SUGAR-BEET PULP AND ITS DEGRADATION PRODUCTS
2.2.1 Introduction
Beet pulp is the residue left from ground sugar-beet after the extraction of the 
sugar (Broughton et al., 1995). About 107 tons of sugar-beet pulp, in dry-matter 
equivalent, is left over by the sugar industry every year in Western Europe (Sun 
and Hughes, 1998a).
On a dry-weight basis the pulp consists mainly of polysaccharides (65-80%) of 
which pectin (20-25%), hemicelluloses (-20%) and cellulose (-25%) prevail 
(Renard et a l, 1995; Oosterveld et a l, 1996a; Oosterveld et a l, 1997) with 
smaller amounts of protein (-10%), lignin (-6%), fat (-1.4%) and ash (—3.7%) 
also present (Sun and Hughes, 1999).
In countries like the U.K. with an intensive cattle-raising industry, the pulp is 
normally pressed, dried and used as animal feed at relatively low price (Sun and 
Hughes, 1998b). Because of the increase in energy prices, an increasing amount 
of the pressed sugar-beet pulp is put into silage as was previously done with the 
wet pulp (Rombouts and Thibault, 1986a). Apart from feed manufacture, beet 
pulp has also found use as dietary fibre (see applications) -  though in limited 
quantities (Sun and Hughes, 1998b). The relatively low content of cellulose 
together with a high level of pectic substances and hemicelluloses in comparison 
to e.g. cane bagasse have prevented the utilisation of sugar-beet pulp in 
application such as paper production (Sun and Hughes, 1998a).
Nonetheless, beet pulp is a potentially rich material and there has been 
continuous interest in finding new areas of application. One of the most important 
areas of research involves pectins, and beet pulp has for a long time been 
investigated as an alternative source of pectins to apple pomace or citrus peels 
(Micard and Thibault, 1999).
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2.2.2 Degradation of sugar-beet pulp: routes and products
The degradation of the sugar-beet pulp aims to selectively extract (physically, 
chemically, enzymatically or a combination of the above) and release one (or 
more) of its major components (listed in 2.2.1). The extraction process is probably 
the most important operation in determining the nature, composition and quality 
of the end product (Pagan and Ibarz, 1999). There are various routes of 
degradation with variable conditions within each route however, they can all fit in 
a generalised scheme (figure 2.14) showing the sequence of stages in the 
Stripping’ of the sugar-beet pulp and the isolation of individual components.
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(Drying e.g.oven drying)
(De-fatting e.g. 2:1\W chloroform : methanol extraction)
(Proteolysis e.g. protease in phospahte buffer, pH 7.5)
(Filtration)
(Breakdown of residual pectin; e.g. pectinase 
treatment in acetate buffer, pH 4.0)
(Ethanol precipitation)
(Ethanol wash)
(Drying, e.g. overnight lyophilisation)
(De-tignification e.g. treatment 
with acetic sodium chlorite)
(Hemiceliulose 
extraction, e.g with 
KOH or NaOH)
(Hemiceliulose 
extraction, e.g with 
KOH or NaOH)
(De-lignification e.g. treatment 






























Figure 2.14: Scheme for the extraction and isolation of pectins, hemicelluloses 




Pectins are probably the most important class of substances present in the sugar-beet 
pulp. In general, pectic substances are complex structural acidic fibrous 
polysaccharides. They are located in the matrix of the primary cell walls and middle 
lamellae (intracellular layer) of all land plants (figure 2.15). They are most abundant 
in soft tissues and present only in small proportions in woody tissues (Ridley et al., 
2001). The functions of pectin in vivo are diverse and include roles as hydrating agent 
and ‘cementing’ material for the cellulosic network (Hourdet and Muller, 1991). They 
are also thought to be involved in the mechanisms of cell expansion, cell adhesion, 
plant development and defence but such roles are yet ill defined (Willats et al., 1998; 
Rees and Wight, 1971).
Figure 2.15: An extremely simplified and schematic representation of how three 
broad classes of polymer are arranged in a typical plant cell wall (onion). Although 
simplistic, the sizes and spacings of the polymers are based on direct measurements of 












Initially, pectins were described (Aspinall, 1984) as:
‘chemically homogeneous polydisperse systems consisting of structurally related 
molecular species with continuously variable proportions of neutral sugar residues*.
The ‘molecular species’ refer to partially methoxylated and/or amidated 
polygalacturonie acids (White et al., 1999). The term ‘heteropolymolecular’ was 
also proposed (Kravtchenko et al., 1992a) to describe such systems. However, 
industrial pectin preparations are complex mixtures of molecules differing not 
only in molecular size. They cannot, therefore, be considered as a series of 
homologous polymers (Kravtchenko e ta l, 1992b).
A more elaborate and complete definition has been suggested by the Committee 
for the Revision of the Nomenclature of Pectic Substances -  a division of IUPAC 
(Sakai et al, 1993). The term ‘pectic substances’ refers to the group of complex 
colloidal carbohydrates (that either occur in or are prepared from plants), which 
contain a high proportion of D-galacturonic acid units (figure 2.16a) and are 
thought to exist in a chain-like combination. The carboxyl groups may be partially 
esterified by methyl groups and partially or completely neutralised by one or 














Figure 2.16 (a): Chemical structure of D-galacturonic acid (White et al., 1999); 
(b): Representative chemical structure of pectin showing typical repeating groups 
(White et al., 1999).
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Polysaccharides in which galacturonic acid residues are present as methyl esters 
in a more than a negligible proportion are termed ‘pectinic acids’, whereas those 
essentially free of methyl-ester groups are referred to as ‘pectic acids’. The 
normal or acid salts of the above acids are called ‘pectinates’ and ‘pectates’ 
respectively. Finally, ‘protopectin’ refers to the water-insoluble parent pectic 
substance occurring in plants, which, upon restricted hydrolysis, yields water- 
soluble pectins or pectinic acids. The interrelationship of pectic substances is 
presented in figure 2.17 (Sakai eta l.9 1993).
Apart from the definitions based on composition and structure, pectins can also 
be classified according to their most common application as gelling agents. Thus, 
the general term ‘pectin’ designates those water-soluble pectinic acids of varying 
methyl-ester content and degree of neutralisation, which are capable o f forming 
gels with sugar, and acid under suitable conditions. A further classification would 
be between high-methoxyl pectins (demonstrating their gelling power only in the 
presence of a relatively high sugar and acid content) and low-methoxyl pectins 
(gel formation is possible in the presence of metal ions).
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Figure 2.17: Schematic survey of the interrelationship of pectic substances.
2.2.3.1 Chemical constituents and structure of pectins
‘Pectin’ is a collective term including substances that share basic structural 
characteristics but also present great variations. Although D-galacturonic acid is 
the main constituent of the pectic substances, they are heteropolysaccharides 
comprising other polymeric chains as well as neutral sugars as integral.
Pectin, regardless of its origin, exists as a branched heteropolysaccharide in 
which the backbone is based on linear sequences of galacturonic acid residues 
linked by a -(l—>4) glycosidic linkages. The carboxylic acid groups can be 
neutralised by mono- or divalent ions such as K+, Na+ and Ca2+ or may be 
partially esterified with methanol. Also in some pectins, such as those from sugar-
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beet, flux and tobacco, some of the hydroxyl groups on C2 or C3 can be 
acetylated.
The measure of esterification of pure galacturonic acid may be determined by 
the degree of methylation (DM) defined as the number of moles of ethanol per 
100 moles of galacturonic acid. As high-mehoxyl pectins (previously mentioned) 
can be characterised those pectins for which the value of DM is 50 or higher. In 
all other cases the pectin is classified as low-methoxyl. The degree o f acetylation 
(DA) can be defined in a similar way. (table 2.4).
Table 2.4: Degree of esterification and degree of acetylation o f some pectic 
substances (Sakai eta/., 1993).
Source of pectin Esterification (%) Acetylation (%)
Apple 71 4






There are regions where the poly-galacturonic acid backbone is periodically 
interrupted by the insertion of a-L-rhamnose residues (figure 2.18a) in segments 
o f alternating galacturonic acid (GalA) and rhamnose (Rha) residues with the 
following structure, resulting in T-shaped ‘kinks’ in the chain (figure 2.18b): 
—>4)-a-D-GalA-(l —>2)-a-L-Rha-(l or
->2)-a-L-Rha-(l->4)-a-D-GalA-(l —> (Renard e ta l, 1998)
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Figure 2.18 (a): Chemical structure of a-L-rhamnose; (b): T-shaped kinking of 
the pectin molecule as a result of the presence of rhamnose (Barford et cd.9 1986).
Regions of such structure are termed rhamnogalagturonans (or ‘hairy’ regions- 
Lau et a l9 1985). In pectins from various sources there have been two distinct 
rhamnogalacturonan regions identified known as rhamnogalacturonans I and n. 
Rhamnogalacturonan I (RG-I) is composed of alternating rhamnose and 
galacturonic acid residues. The length is not known but it could contain as many 
as 300 rhamnose and 300 galacturonic acid residues (McNeil et a l9 1984). 
Polymers containing this backbone are present in most, if not all, higher plants 
cell-wall (O’Neill et al.9 1990). Next to the rhamnose and galacturonic acid 
residues in the backbone, RG-I is composed of side-chains containing arabinose, 
galactose and minor quantities of fiicose residues.
Rhamnogalacturonan II (RG-II) is structurally very different from RG-I (Ishii 
and Kaneko, 1998) consisting of approximately consisting of approximately 60 
residues many of which are rare sugars including 2-0 -methyl-fucose, 2-0- 
methyl-xylose, apiose, aceric acid next to the more common sugar residues 
rhamnose, fiicose, arabinose, galactose, galacturonic acid and glucuronic acid 
(McNeil et a l9 1984).
There are side-chains attached to the backbone via position C4 of rhamnose 
units (Guillon and Thibault, 1989). These side-chains consist of a-(l-»5)-linked 
a-arabinans where the main arabinan carries substituents at positions C2 and C3; 
(l-»4)-linked (3-galactans (i.e. galactose backbone) of low degrees of 
polymerization, with few branching points at position C3; and highly-branched
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(l->3,6)-linked galactans representing the minor side-chains (Micard et al., 1996; 
Kroon and Williamson, 1996). These arabinan and galactan side-chains constitute 
the hemicelluloses mentioned in section 2.2.1 and even though they form integral 
part of the pectin structure they also exist free in the cell-wall network (see figure 
2.15). The brief description that follows concerns the hemicelluloses specifically 
encountered in sugar-beet pulp extract and the structure described is the same 
whether the hemicelluloses are free or attached to sugar-beet pectin as side- 
chains.
Hemicelluloses (Arabinans)
All the hemicellulosic fractions obtained from sugar-beet pulp consist mainly of 
glucose, arabinose, galactose and xylose. Rhamnose, mannose and uronic acids 
are present in relatively minor quantities (Sun and Hughes, 1998a; Wen et al., 
1988).
Arabinans comprise a group of branched-chain with the main chain composed 
of a-(l->5)-linked L-arabinose and the side-chain by a-(l->3)- and a-(l->2)- 
linked L-arabinose. The structure of the hemicelluloses often varies slightly with 
the methodology used for the preparation and isolation (Oosterveld et al., 1997).
Arabinans from sugar-beet pulp can be used as gelling products and fat 
replacers after enzymatic treatment to reduce branching (Oosterveld et al., 
1996b).
It is obvious that the side chains are not distributed regularly along the 
polygalacturonic acid chain; instead they are concentrated in the ‘hairy regions’ 
leaving large part of the backbone unsubstituted (smooth regions). Especially the 
galacturonic acid residues in the hairy regions are esterified with methanol.
In undegraded pectins neutral side-chains may represent more than 50% of the 
mass o f the molecule. However, because these side-chains are flexibly coiled, 
most of the length of the molecule is comprised of stiff, straight galacturonan 
segments with branched blocks making up short, dense, ‘bushy’ regions between 
them (‘hairy regions’), (Sakamoto and Sakai, 1995; Ros eta l’, 1996).
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The characteristics of the structure of pectins are illustrated in fig. 2.19 that 
represents a simplified structure of pectin from sugar-beet (Williamson et a l ,
1998).













Figure 2.19: Generalised and simplified structure of rhamnified pectin from 
sugar-beet.
The a -( l—>4) -  linked galacturonic acid units (GalA) forming the backbone in 
the ‘smooth’ regions are shown between the two parallel unbroken lines. The 
backbone is substituted only with non-sugar constituents that are methyl esters on 
the caiboxylic acid moiety C6 (A) of galacturonic acid and 2-0- (B) and 3-0- 
acetyl groups. It has been found that at least 80% of the acetyl groups of pectin 
isolated from sugar-beet are attached to galacturonic acid residues (Rombouts and 
Thibault, 1986b). The ‘hairy region’ o f the backbone consists o f alternating 
residues of galacturonic acid and rhamnose (Rha) with substitutions on most of 
the residues: either acetyl groups (D) or sugar substituents [arabinose (Ara) and
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galactose (Gal); indicated by broken lines]. These sugar side-chains carry ferulic 
acid groups (F) or di-ferulic acid groups (G).
Presence o f ferulic acid
Another special feature of the pectins from sugar-beet pulp (as shown in figure 
2.19) is that they contain -0.8%  w/w ferulic acid (a type of cinnamic acid) (Ralet 
et al.9 1994). It is exclusively linked to pectins and, as mentioned in the previous 
section, occurs either as a monomer or a dimmer (with di-ferulic acid representing
0.14%w/w of the pulp; Rombouts and Thibault, 1986b).
Ferulic acid is linked to the pectin neutral side-chains (Sun and Hughes, 1998b) 
and is bound directly on the backbone of the side-chains rather than on the neutral 
sugars substituting this backbone (Rombouts and Thibault, 1986b). It is found to 
be esterified in position C2 of the L-arabinose residues o f the main core of the a - 
(1—>5)-linked arabinan chains (Oosterveld et a l , 1997; Colquhoun et al.9 1994) 
and in C6 position of the D-galactose residues of p -(l—>4)-linked galactan chains 
(Micard et a /.,1996). The exact location of the ferulic acid has been determined 
through NMR studies of the purified ferulic acid-containing oligomers obtained 
after enzymatic and acidic degradation o f pectins and 50-60% of them are linked 
to arabinose and 40-50% are linked to galactose residues (Micard and Thibault, 
1999; Oosterveld eta l.9 1997). This means that 1 out of 56 arabinose residues and 
1 out o f 16 galactose residues present in pectin side-chains in sugar-beet pulp 
carry a ferulic acid group (Ralet et a l9 1994) where it plays an important role 
connecting rhamnogalacturonans to other cell-wall components.
Furthermore, ferulic acid substituents can dimerise to form di-ferulic acid 
bridges between side-chains (see figure 2.19), between different 
rhamnogalacturonan molecules and, possibly, between different cell-wall 
components (Rombouts and Thibault, 1986b). These dimers of ferulic acid are 
resistant to degradation and even after enzymatic breakdown of sugar-beet pectins 
no free diferulic acid is released (Rombouts and Thibault, 1986b). Thus, by 
providing a means of covalent cross-linking between cell-wall polymers, ferulic 
acid dimers contribute to the mechanical strength and texture (Micard et a l9 
1997) of the sugar-beet pulp cell-wall. A variety of coupling possibilities between 
ferulic acid residues (as shown in figure 2.20; Micard et a l9 1997) has been
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identified by GC-MS with the 8-5’ coupling mode representing almost half (48%) 
of all the dimers (Micard etal., 1997).
(8-ff) (5-5T (8-0-40 (8-8') (8-8')
Figure 2.20: Various di-ferulic acid coupling modes (Micard et a l, 1997).
2.2.3.2 Properties of pectins
The molecular mass of pectic substances varies from about 10,000 to 400,000 D 
(table 2.5), depending on the source of pectin. Apart from the origin of pectin, 
other factors that affect the molecular mass are the method of extraction as well as 
the technique determining the molecular mass.
Table 2.5: Molecular mass of some pectic substances.
Source Molecular mass (D)
Sugar-beet 40,000-50,000
Apple and lemon 200,000-360,000
Orange 40,000-50,000
Pear and prune 25,000-35,000
Pectic substances are insoluble in most organic solvents. They dissolve in water 
and some water-miscible organic solvents such as dimethyl-sulphoxide (DMSO), 
formamide and warm glycerol. Normally solubilisation proceeds by a slow
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swelling. Solubility in water is decreased with increasing degree of 
polymerisation. When maximum solubility is required all factors (of both sterical 
and chemical nature) that affect inter-molecular association should be minimised. 
Aqueous solutions of 1 to 2% (w/v) have a relatively high viscosity, which is 
affected by molecular mass, degree of esterification, ionic strength, pH and 
temperature.
Gelation o f pectins
The most unique property of pectins is their ability to form gels. Gels can be 
divided into two different groups, as mentioned earlier i) gels from high- 
methoxyl pectins and ii) gels from low-methoxyl pectins. For the former the 
following conditions should be met: sufficient amount of sugar (normally 60-70% 
sucrose) or other polyalcohol which is necessary to increase inter-chain 
interactions by decreasing water activity; and screening of electrostatic repulsion 
by depressing dissociation of carboxyl groups (i.e. acidic pH). In the case of the 
latter, gels are formed by controlled introduction of calcium ions. The primary 
mechanism of this gelation procedure involves a pectin chain adopting a regular 
two-fold conformation and dimerise with inter-chain chelation of Ca2+ (‘egg-box’ 
structure), where each Ca2+ ion takes part in nine coordinative links with an 
oxygen atom (fig. 2.21) (Goldberg et al., 1996). Unless the calcium concentration 
is carefully controlled, the resulting gels are brittle and tend to synerese 
(Walkinshaw and Amott, 1981a; Walkinshaw and Amott, 1981b). The degree of 
esterification also affects the mechanism of gelation since methoxyl groups are 
found to contribute directly to inter-chain association rather than serving simply 
to reduce the charge density (Walkinshaw and Amott, 1981b). Other factors 
affecting gel formation are: pH, temperature, presence of side-chains, degree of 
polymerisation and presence of ions.
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Figure 2.21: Pectins of low-methoxyl content showing 'egg-box' binding.
Gelation and sugar-beet pulp pectins
It is important to note that pectin derived from sugar-beet does not gel 
(Oosterveld et a l, 1996) in the conditions described above. This and other poor 
physico-chemical properties (i.e. low viscosity) have been attributed to the 
relatively low molecular weight of these pectins and, mainly, to the presence of 
acetyl groups (Michel et al., 1985). These substituents greatly inhibit gelation due 
to sterical hindrance, change in the surface structure of the polymers and 
prevention of the free carboxylic acid groups to form hydrogen bonds. 
Nonetheless, there are certain ways to improve the gelling power of sugar-beet 
pectins.
• Amidation (Sun and Hughes, 1998b) would decrease both their acetyl and 
methyl contents thus making the pectins more calcium-sensitive, in which 
case gels can be produced by the ‘egg-box’ mechanism (Harel et al., 
2000).
• By oxidative cross-linking of the ferulic acid residues (Thibault and 
Rombouts, 1986). This can be achieved chemically/enzymatically (with 
ammonium persulphate or hydrogen peroxide/peroxidase; Micard et al., 
1996). However, in many countries, it is prohibited to add hydrogen 
peroxide in food products, making it impossible to use peroxidase as a
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gelling agent (Norsker et a l, 2000). There is another enzymatic way by 
which gelation can be achieved satisfactorily involving the addition of 
only one poly-phenol oxidase -  namely a laccase (Micard and Thibault,
1999). Gelation with laccase takes place at room temperature within a few 
minutes. As the gel is based on chemical bonds, it is possible to maintain 
the cross-linked pectins (i.e. the gel structure), which makes the product 
very interesting for the food industry because it can be heated while 
maintaining the gel structure (Norsker et a l , 2000).
Aggregation of pectins
A common characteristic o f pectins from various sources is their tendency to 
aggregate resulting in microgel formation (Bogatyrev et al., 1998) both in natural 
complex solutions as well as after purification dissolved in buffer solutions 
(Kravtchenko et al., 1992a). Aggregation hinders studies of pectins at a molecular 
level because it distorts the hydrodynamic properties of the material affecting the 
observed size distribution. Moreover, it can be the cause of haziness of the pectin- 
containing solution, which can seriously affect the quality and value of 
commercial products like fruit juices (Corredig et al., 2000).
There have been efforts made to remove pectin microgels. Chromatographical 
methods have been tried (Anger and Berth, 1986; Deckers et al., 1986; Hourdet 
and Muller, 1987). The high shear forces experienced during the passage through 
a high-pressure size-exclusion chromatography column have no lasting effect on 
aggregation: microgels may temporarily dissociate during the size-exclusion 
fractionating step, however they reform upon resting (Karvtchenko et al., 1992a). 
Similarly, filtration and heating disrupt aggregates only temporarily. Only 
ultracentrifugation, which removes dense particles without shear forces, may be 
expected to be efficient (Karvtchenko et al., 1992b).
The mechanism of aggregation is thought to involve non-covalent interactions 
such as hydrogen bonds and hydrophobic interactions (Malovikova et at’, 1993). 
In the particular case of low-methoxyl pectins, aggregation is greatly facilitated in 
the presence of cations especially Ca2+. Moreover the presence of other types of 
macromolecular compounds in the same solution -  as is almost invariably the 
case with naturally-occurring solutions -  colloidal interactions between the
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pectins and the other polymeric materials could constitute an additional and 
important source of aggregates (see section 2.3).
In the case of purified pectin solutions, the ionic strength of the buffer appears 
to have an effect on aggregation: high-ionic strength buffers reduce the degree of 
aggregation probably due to disruption of hydrogen bonding (Fishman et a l, 
1984; 1991; 1993). However, the occurrence of aggregation cannot be completely 
eliminated because other non-covalent interactions still exist (Hoagland et a l, 
1993).
2.2.3.3 Chemical extraction and purification of pectins
From the possible degradation routes outlined in figure 2.14 the one most 
commonly adopted for the commercial pectin production from apple pomace or 
citrus peels is extraction with acid. Studies on optimisation of the extraction 
procedure from sugar-beet pulp (Michel etal., 1985; Phatak etal., 1988) with the 
aim of isolating the highest yield of pectin showed that:
• Acid hydrolysis yielded extract with the highest pectin content.
•  The type of acid used (HC1, HNO3, H2SO4) is not important.
• Yield is increased with increasing extraction time, decreasing pH and 
increasing temperature.
•  Yield is maximised when the pulp is in the form of pellets (in contrast to 
ground or wet pulp), when the solid to liquid ratio is 30v/w (for 
laboratory- and pilot plant-scale experiments) and the sample is treated at 
80°C for 4 hours at pH 1.5 (It must be noted that these conditions are 
different from those applied in the extraction of pectins from apple 
pomace or citrus peel only in that the optimum pH is higher than in the 
case of sugar-beet pectin i.e. pH~2.0.)
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The optimised production process is outlined in figure 2.22 whereas the 
composition of pectin obtained is presented in table 2.6.
Table 2.6: Composition of pectin obtained by the extraction procedure shown in 





Degree of methylation 77.68
Degree of acetylation 4.26











Data are expressed on a dry basis 
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Figure 2.22: Scheme of the optimised process for the isolation of sugar-beet 
pectins.
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2.2.3.4 Applications of pectins
Pectins possess certain technological functions as food additives mainly 
attributed to their physical properties such as viscosity, water-binding capacity 
and solubility. They also belong to a class of naturally-occurring products known 
as ‘dietary fibre’ and they possess a number of physiological functions as well, 
mostly related to their indigestibility by the human small intestine. Their 
physiological properties also stem from their physical properties. Both types of 
functions (technological and physiological) allow pectins to find uses in both food 
and pharmaceutical industries as well as in certain medical applications. These 
different areas of applications will be briefly discussed in the following sections, 
while special mention will be given to applications more relevant to sugar-beet 
pectins.
Food industry
Pectins, along with carrageenans, galactomannans, xanthan and alginates are the 
most significant of all the hydrocolloids used in food applications (Quemener et 
a/., 2000).
The main use of pectin is as gelling agent. High-methoxyl pectins are 
traditionally used as gelling agents in fruit-based food products, because they add 
a gelled texture making up for their natural ‘deficiency’ in pectins. The presence 
of pectins helps the product retain a uniform distribution of fruit particles, giving 
a good flavour release and minimising syneresis at the same time.
Low-methoxyl pectins are used in yoghurt preparations containing fruits mainly 
because they allow uniform distribution of fruit in the product, while stirring is 
still easy and they also prevent colour migration from the fruit into the yoghurt 
phase. In dairy products, pectin reacts with casein preventing the coagulation at a 
pH below its isoelectric point (4.0), allowing pasteurisation of the sour milk in 
order to extend their shelf life.
It must be reminded once more that the applications of pectins as gelling agents 
do not apply for sugar-beet pectin because for the time being it is not considered 
as a gelling hydrocolloid in the food industry. However, because of its ability to 
produce viscous solutions it can be used as a thickener especially in fruit drink 
concentrates, where it increases the products’ viscosity, without the presence of
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the organoleptically unacceptable haziness. Finally it can also provide 
stabilisation of emulsions, suspensions and foams (Sakai et cd.y 1993).
Pectins can also find applications in the food industry as fat replacers or fat 
mimetics. Both terms refer to carbohydrate-based substances that imitate sensorial 
or physical properties o f triglycerides. Pectins used as fat replacers contribute to 
lower fat intake, which is associated with increased risk of certain types of cancer, 
high blood cholesterol and coronary heart disease (Voragen, 1998).
As mentioned earlier, pectins belong to the class of ‘dietary fibre’, which can be 
defined as (Englyst and Hudson, 1996):
'...the skeletal remains of plant cells that are resistant to hydrolysis by the enzymes of man*
In particular, pectins are non-cellulosic, non-starch polysaccharides. There is 
evidence that dietary fibre has a number of beneficial effects related mostly to its 
indigestibility in the small intestine. Owing to physical properties, dietary fibre 
polysaccharides also influence digestion and absorption in the small intestine. 
They are also important sources of fermentation substrates for the large intestine 
microflora (Asp, 1990). Thus pectins can act as general ‘intestinal regulators’. 
Being colloidal carbohydrates, they can act as lubricants in the large intestine 
coating the mucosa and promoting normal peristalsis without causing any 
irritation and this is why pectins are standard additives to baby foods (Sakai et al.,
1993).
Pharmaceutical industry
Pectin being a water-soluble polymer has often been used to build up and 
maintain the viscosity of pharmaceutical liquids, emulsions and dispersion 
systems. It can also serve as a sustained-release binder. Binders are added to 
tablet formulations to add cohesiveness to powders, thus providing the necessary 
binding to form granules that, under compaction, form tablets. In sustained 
release applications the hydration rate of the polymer influences the rate of drug 
release from the tablet. Gel-forming polymers like pectins and particularly those 
that form a gel rapidly are useful, because swelling limits the amount of drug 
initially released from the tablet matrix. Viscosity is a very important property in 
such applications because it is directly related to the rate of hydration of the 
polymer. (Guo e ta l, 1998)
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Medical applications
It has been found that pectin administered orally is effective in reducing 
cholesterol levels in blood. This effect is probably related to the indigestibility in 
the small intestine and the subsequent colonic fermentation from which the main 
fermentation products are short-chain fatty acids. These lower the pH in the large 
intestinal content decreasing the solubility of bile salts and therefore decreasing 
their adsorption. As a consequence more cholesterol has to be converted to bile 
salts (Pfeffer et al., 1981).
Beet -pectin can also used as a de-toxifying agent (Harel et al., 1998). For 
example, it exhibits a high selectivity for Pb2+ and Cu2+ ions (Kartel et al., 1999) 
and other heavy metals and can be used to bind and remove toxic ions from the 
gastrointestinal tract (Kamnev et al., 1998). The availability of non-esterified 
carboxyl groups of the rhamnogalacturonan backbone, which may be partially or 
fully neutralised with alkaline (Na, K) or alkaline-earth (Ca, Mg) cations are 
considered to be responsible for the metal binding properties o f sugar-beet pectins 
(Kohn, 1987).
However, there are two points to be raised concerning the use of pectins as de­
toxifying agents:
•  The adsorption ability does not guarantee de-toxification action in multi- 
component systems.
• Uncontrolled use of pectin preparations as food additives may result in the 
decrease of availability of vital microelements (Kamnev etal., 1998).
2.2.4 Other classes of compounds encountered in the sugar-beet pulp 
extract
In this section the other major components of the sugar-beet pulp will be briefly 
described demonstrating the degree of complexity of the material but also its 
potential usefulness as well.
Cellulose
The cellulose obtained from sugar-beet pulp has a strong potential for a number 
of applications in which rheology is important. It is a typical primary wall
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cellulose also called ‘parenchymal cell cellulose’ (PCC) which could be described 
as a ‘dispersed membranous product’ which, upon shearing, leads to ‘expanded or 
hairy’ membranes (Dinand et a l, 1996). The use of sugar-beet cellulose fibrils 
containing some residual pectin as a cloudifier and of cellulose isolates as 
creamer has been reported (Sun and Hughes, 1998a).
Lignin
The lignin present in the sugar-beet pulp is mainly guaiacyl alcohol (Sun and 
Hughes, 1998b) and it appears to be tightly associated with pectic substances both 
in the sugar-beet cell walls as well as in purified pectin fractions in small amounts 
(Sim and Hughes, 1999). There is evidence that the association of lignin is mainly 
through the hemicellulosic (arabinan) component (Sun and Hughes, 1998a).
Protein
The proteins present in sugar-beet pulp are rich in hydroxy-amino acids, acidic 
amino acids, serine and threonine (Sun and Hughes, 1999). This amino acid 
composition is comparable to that of some glycoproteins isolated from different 
plant tissues (Akiyama and Kato, 1977). Similarly to lignin, experimental work 
shows that these proteins appear to be tightly bound to both pectins and to the 
hemicelluloses present in sugar-beet pulp cell walls (Sun and Hughes, 1999). In 
the particular case of purified beet-pectins, hydroxy proline-rich proteins have 
been found. Degradation studies and chromatographic evidence suggests that 
these proteins -  co-eluting with the largest (bulkier) pectin molecules -  are linked 
with non-covalent bonds to pectins through the arabinan and/or galactan side- 
chains (Guillon and Thibault, 1989; Guillon et a l, 1989 Kravtchenko et a l, 
1992a).
Phenolics
Crude pectins obtained from sugar-beet pulp (in the extract solution) are often 
dark-coloured due to the high content of phenolic material. Even though most of 
it can be adsorbed on DEAE-cellulose material, even after such a purification 
step, pectin solutions still contain 1-2% phenols, at least part of which are 
covalently bound to the pectin molecules (in the form of ferulic acid residues 
mentioned in section 2.2.3.1; Rombouts and Thibault, 1986b). The rest of the 
phenolic compounds appear to not to be covalently bound to the pectin molecules
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and they occur mostly in the form of polyphenols (see section 2.3; Lencki and 
Riedl, 1999).
2.3 FRACTIONATION OF MACROMOLECULAR SOLUTIONS USING 
MEMBRANE TECHNOLOGY
2.3.1 Filtration of model solutions -  Factors influencing fractionation
The characterisation of membranes using sieving curves provides a measure for 
their selectivity, a major factor in the overall performance of the membrane 
process when it is used for fractionation. Studies made, mainly involve efforts of 
fractionation of proteins by ultrafiltration. Even though fractionation of proteins is 
achieved mainly by chromatographic methods yielding good separations and 
purities, the main drawback is that the amounts separated are usually small. 
Membrane technology can be an attractive alternative.
‘Traditional’ analyses o f membrane transport have generally considered only 
steric interactions between the solutes and the pores. Steric interactions can be 
used to separate macromolecular solutes from solvents, though it has not been 
possible to obtain high selectivity for protein-protein separations; if membranes 
are used simply as sieving devices then the differences in the molar masses of the 
proteins have to be different at least by ten-fold because of the wide distribution 
o f the membrane pore sizes and the fouling of membranes. The net result is that 
membrane systems have not been adequately developed for actual protein 
purification (Flaschel et al., 1983). However the physicochemical properties o£ 
both the membrane and the solutes, the solution conditions and the operating 
conditions can all be adjusted in such a way that a more efficient fractionation is 
achieved.
A step towards this direction is to exploit the electrostatic interactions between 
charged solutes and charged membranes. For example, a protein molecule is not 
easily transmitted through a membrane pore of similar size to the molecule when 
both protein and molecule have the same charge due to electrostatic repulsion. 
The protein is mostly transmitted at its isoelectric point where it has no charge.
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Thus, in a binary solution, if the other protein has the same charge as the 
membrane it will not penetrate the pores of the membrane and at the same time it 
will not foul the membrane. This type of fractionation with binary solutions has 
been tried for BSA and immunoglobulin G (IgG) using polymer membranes. The 
system was operated at pH 4.7 and low salt concentration. At this pH value IgG 
remains strongly charged whereas BSA does not as, this pH is near its isoelectric 
point (Burton et a l, 1988). Thus, effective separation is attributed to electrostatic 
‘exclusion’ of the charged IgG from the membrane pores (Saksena and Zydney,
1994). It is possible to reverse the selectivity of this system by operating at the 
isoelectric point of IgG, so that the electrostatic interactions will now be between 
the membrane and the charged BSA (Zydney and Pujar, 1998).
It is possible to modify a protein in order to obtain desirable surface charge 
properties. In the special case where the protein surface is modified with the 
proteins to be fractionated, then a so-called self-rejecting membrane is obtained, 
which is charged appropriately for fractionation of a binary protein solution at the 
isoelectric point of either of the proteins (Nystrom, et a l, 1991). Such 
fractionations have been successfully carried out for myoglobin and BSA (Eshani 
and Nystrom, 1995).
The effect of the solutions’ ionic strength can be perceived as shielding of 
charges. For proteins away from their isoelectric points (IEPs), that would not 
normally penetrate the membrane, increased ionic strength will lead to increased 
permeability because o f shielding of charges, which can also decrease the charge 
of the membrane as well (Fane et al., 1983a; Fane et al., 1983b).
Also the effect of hydrophobic interactions must be investigated, since high 
selectivity can be achieved by exploiting hydrophobic interactions between 
proteins and hydrophobic groups on surface modified membranes (Higushi et al., 
1991).
There are other parameters affecting the fractionation results the most important 
being the cross-flow velocity, where its increase leads to increased flux as the 
accumulated solutes near the membrane surface creating a concentration 
polarisation layer increasing rejection, are swept away (Nystrom, et a l, 1998). 
When the macromolecules have the form of a flexible chain, their deformation in 
the flow rate gradient must be controlled. In general their retention coefficient
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decreases with increased applied pressure. This property of flexible polymers may 
be used for the fractionation of polydisperse samples (Sudavera et al.91991).
In general it is not possible to achieve good separation of molecules of similar 
dimensions during one ultrafiltration run on a single membrane (Tutunjian and 
Ret, 1978; Mazid, 1988). There are several technological approaches to improve 
this situation:
i) Combination of membranes of one or several types in a cascade (Ward et a l9 
1987).
ii) Recycling of the permeate (Cooper et a l9 1983).
iii) Diafiltration (Mulder, 1996), which involves dilution of the retentate by 
addition of solvent so that the low-molecular weight solutes are more effectively 
washed out.
2.3.2 Fractionation of complex macromolecular solutions using membrane 
filtration
As is the case with model macromolecular solutions (mostly proteins), the most 
important parameters affecting the efficiency of a given separation with 
membranes are the decline in permeate flux and the selectivity o f the process 
towards the desired product (Elysee-Collen and Lencki, 1997a; 1997b). The 
former and, to a certain extent the latter as well, are direct consequences of the 
occurrence of concentration polarisation and fouling phenomena.
In solutions derived from natural products with relatively simple physical and/or 
chemical extraction procedures (e.g. the sugar-beet pulp extract described in 
section 2.2.3.3) such phenomena are more complex to study. That is not only 
because of the number of different components present, but, more importantly, 
due to the interactions between them.
In the literature there is limited evidence concerning studies of membrane 
filtration of complex macromolecular solutions and in ever fewer cases has the 
observed behaviour been associated with the heterogeneity o f the material and the 
potential effect of interaction between different components of the material (Riedl 
et a l9 1998a). Even in areas where the industrial use of membrane processes is 
well-established (for instance the clarification of fruit juices), a trial-and-error 
approach is often adopted when designing the separation system because the
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underlying phenomena that control fouling are not well understood (Riedl et al., 
1998b).
Fouling studies of apple juice microfiltration are a notable exception (Riedl et 
a l9 1998a and 1998b) and will be reviewed in this section because a) the 
macromolecular components of the juice are similar to those present in the sugar- 
beet pulp extract (pectins, proteins and phenolics) and b) such studies may serve 
as an example of the type of interactions of the components in a complex material 
and their effects. In the following table the main components of the unclarified 
apple juice are listed along with their contribution or not to fouling occurrence. 
With the exception of starch the components listed are present in the sugar-beet 
pulp extract as well, though the exact nature and composition of each one varies 
between the two materials.
Table 2.7: Apple juice components and their presence in filtration foulants 
(adopted from Riedl et al., 1998a).





Polyphenols (tannins) Indirect effect
Proteins Yes
Starch No
Fibre (cellulose, hemicelluloses) Yes
Minerals Ca2+ has indirect effect
Other unidentified low-MW substances ?
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O f all the components listed in the above table proteins, pectins (partly due to 
their tendency to aggregate) and other fibrous materials are identified as the major 
hindrances to filtration performance (Riedl et a l , 1998a; Alvarez et a l, 1998). 
Starch granules typically present in the apple juice are several orders of 
magnitude larger than the pores of microfiltration membranes (Riedl et a l, 
1998a), thus their influence on the resistance of the fouling layer is expected to be 
minimal. In addition, it has been shown (Riedl et a l, 1998a) that soluble starch 
does not foul filtration membranes. The presence of fibrous material (such as 
cellulose) is important, as they are known to add structure to the fouling layer 
(Riedl etal., 1998a).
The role of phenolics with respect to the fouling behaviour during membrane 
filtration is indirect, because they are one of the main causes of the occurrence of 
aggregation in protein and/or polysaccharide-containing solutions (as both apple 
juice and sugar-beet pulp extract are). At least part of the phenolic content is in 
the form of macromolecular structures i.e. polyphenols (see section 2.2.4), known 
with the collective term ‘tannins’ (Riedl et a l, 1998a). Tannins have the 
capability of reversibly binding to proteins and pectins (Oszwa et al., 1987) and 
can significantly influence the interaction of suspended solids in complex 
mixtures (Lencki and Riedl, 1999). The reversible association of these 
polyphenols with protein and pectins (and polysaccharides in general) appears to 
be a non-specific surface phenomenon in which complexation occurs via both 
hydrogen bonding of the polyphenol and the polar groups of 
protein/polysaccharide and hydrophobic interactions. A suggested mechanism for 
the aggregation is shown in figure 2.23. In solutions where the protein and/or 
polysaccharide concentration is relatively high, polyphenols associate at one or 
more sites on the polymer surface creating a monolayer, which is less hydrophilic 
than the polymer itself. In addition, multidentate polyphenols can cross-link 
polymer molecules. These events lead to aggregation and possibly even 





Figure 2.23: Polyphenol-mediated aggregation of polysaccharides (McManus et 
al., 1985).
The effect that the components of the apple juice had on the fouling layer 
formed during juice microfiltration with a variety of membranes has been studied. 
The most important findings indicate that aggregation is largely responsible for 
the occurrence of fouling layers, which (as shown by scanning electron 
microscopy) were in the form of aggregate networks (Riedl et al., 1998b). The 
porosity and compressibility of such structures appears to be affected by how the 
colloidal particles interact near the membrane surface and not by how they are 
transported to that surface. The surface of the membrane itself could be affecting 
the morphology of the fouling layer, acting as a structural template for the initial 
layer of foulants. Thus, highly irregular membrane surfaces (as indicated by 
surface roughness measurements) have been found to produce loose and open- 
surface fouling layers. On the other hand, smooth surfaces promote closer contact 
between adjacent adsorbed colloids creating denser adsorbed layers (Riedl et al., 
1998b).
The heterogeneity of the fouling material, with each type of component 
possessing a variety of functional groups capable of association and binding, 
becomes even more important at the higher concentrations found in the
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concentration polarisation layer in the vicinity of the membrane surface 
promoting aggregation (Riedl e ta l, 1998b).
There has been an effort to manipulate the interactions between the colloids 
present in the apple juice in order to create an aggregation network that would be 
relatively rigid (not collapsing under the pressure near the membrane surface) 
with a high porosity (reducing resistance to flow). Towards that aim, three 
different approaches have been tested (Lencki and Riedl, 1999) separately and in 
combination: a) heat-induced denaturation of the protein components; b) change 
in the balance of colloid interactions by addition of another protein and c) 
disturbance of the polyphenol stability by addition of an anti-oxidant agent. 
Although the third type of treatment did not yield positive results, a combination 
of heat treatment and gelatine addition stabilised the interactions between the 
colloids in two different types of apple juice creating rigid and porous aggregation 
networks with improved permeate fluxes during the clarification process under 
the microfiltration conditions of the study (Riedl etal., 1998).
The treatment involving the addition of a reducing agent will be discussed 
further because it may possibly be of importance on the case of sugar-beet pulp 
extract filtration. The role of an anti-oxidant in a solution containing amounts of 
phenolics is to prevent their naturally-occurring oxidative polymerisation to 
tannins, which as mentioned previously, possess binding affinities for both 
proteins and polysaccharides. A very commonly used reducing agent is L- 
ascorbic acid (vitamin C) and it is in fact used in the preparation of fruit juices to 
prevent the occurrence of aggregation-related haze (Riedl et al., 1998a).
In the apple juice microfiltration study, the addition of ascorbic acid led to the 
formation of aggregates in the form of thick-walled closed-cell structures that 
were ‘robust* yet possessed very little porosity leading to high resistances to flow 
(Lencki and Riedl, 1999).
Ascorbic acid also mediates reactions collectively known as ‘oxidative- 
reductive depolymerisation* (ORD) reactions that result in the degradation of a 
variety of synthetic polymers and polysaccharides -  including pectin (Rickards et 
al., 1967). The mechanism o f the reaction is not completely clear but appears to 
involve the formation and attack of the polymers by free radicals. It resembles to 
the degradation scheme proposed for the depolymerising effect of ionising
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radiations (Sjoberg, 1987) The depolymerising effect of ascorbic acid was not 
taken into account in the apple juice filtration study, however in the case of sugar- 
beet pulp extract filtration it may be of greater importance because pectin is the 
main component of the extract and ascorbic acid is expected to have a double 
influence on aggregation patterns by a) affecting the stability of the colloidal 
pectin-polyphenol-protein interactions and b) causing the depolymerisation of 
pectins, thus possibly influencing pectin-pectin aggregation as well.
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3. OBJECTIVES & EXPERIMENTAL PLAN
As indicated by the literature survey there has been an increased interest in 
sugar-beet pulp and its potential as an inexpensive source of higher-value 
materials (mainly pectins -  Micard and Thibault, 1999). Many studies of its 
chemical composition have been made and in particular how this is affected by 
different extraction procedures. Fractionation of the extract into different 
components has only been done on an analytical scale with methods that are often 
too costly to scale up (Sun and Hughes 1998a&b).
Membrane processes (mainly ultrafiltration) present advantages as they can 
potentially be both efficient and economic. However, thus far there has been no 
evidence in the literature o f a fundamental study concerning the suitability of 
membrane processes for the fractionation of the sugar-beet pulp extract Hence, as 
has already been mentioned in chapter 1, the primary objective of the present 
work is to provide a basic study of the filtration behaviour of sugar-beet pulp 
extract using ultrafiltration membranes with the aim of concentrating the 
polysaccharide (pectin) fraction in liquid form. The feed solution used will be die 
extract from wet sugar-beet pulp. The extraction procedure will be preferably 
performed under acidic conditions and at relatively elevated temperatures since 
these are the conditions that maximise the pectin yield in the extract (see figure 
2.14 and section 2 2 3 3 ). The general objective stated above, based to the 
information obtained from the literature survey can be broken down further as 
follows, providing the experimental plan for this project
1. The first step will be the determination of a set of optimal operating 
parameters for the ultrafiltration of the sugar-beet pulp extract. These parameters 
include: a) the membrane material, b) the temperature at which runs will take 
place, c) the cross-flow velocity and the trans-membrane pressure (TMP) which 
will be adopted for all subsequent constant-pressure experiments.
2. An appropriate method for the detection of the presence of carbohydrates 
and an estimation of their molecular size is also necessary to be developed. This 
method will be used for the analysis o f feed, retentate and permeate samples 
obtained from ultrafiltration experiments. The method of choice for materials like 
the pectic polysaccharides present in the extract (i.e. exhibiting a molecular
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weight distribution) is high-performance size-exclusion chromatography 
(HPSEC) with a refractive index (RI) detector appropriate for carbohydrates. The 
calibration of the chromatographic columns used in size exclusion 
chromatography (SEC) usually involves: a) the determination of the ‘fractionating 
range’ of the column (i.e. the highest and lowest molecular weights that can be 
adequately resolved by the chromatographic system) and b) the construction of 
the calibration curve in which a molecular size parameter (most commonly the 
molecular weight) will be correlated to elution time (or elution volume) from the 
columns. For that purpose a series of monodisperse polymeric standards must be 
chosen.
3. Having established a set of operating conditions and an appropriate 
analytical method, the next step will focus on the efforts to isolate the pectin 
fraction (high molecular weight) in concentrated form from the extract with 
ultrafiltration. According to the literature (see section 2.1.2), towards achieving 
this objective, cross-flow operation is more appropriate since excessive deposition 
o f solute on the membrane surface is avoided, thus resulting in better permeate 
fluxes. In terms of the operation mode of the cross-flow system (when all the 
other experimental parameters are kept constant) there are two main options. 
These are: a) the concentration mode (permeate stream is constantly removed) 
and b) the diafiltration mode (see section 2.3.1), where low molecular weight 
solutes are washed out by the addition in the feed tank of a buffer (sometimes 
even water) at a rate equal to that of the removal of permeate. For both options 
mentioned above it will be necessary to examine the effect of the molecular 
weight cut off (MWCO) of the membrane used
4. With the aim of further improving the fractionation (and possibly extend it 
to include the arabinan fraction -  see section 2.2.3.1), different system 
configurations can be tested, where more than one modules can be combined 
together. There exist two main possibilities: a) the sequential configuration, where 
modules with membranes with decreasing MWCOs are combined in such a way 
that the permeate stream from the higher MWCO membrane serves as the feed for 
the next lower MWCO membrane module and b) the parallel configuration, 
where both the retentate and permeate streams are fed to a higher- and lower- 
MWCO membrane module respectively.
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5. Fractionation efficiency for any of the ultrafiltration processes described 
above will be based on the chromatographic data (see point 2 above) and rejection 
data. Rejection is a very important measure for the assessment of a membrane 
separation (see section 2.1.3). In this case a modification of the rejection 
coefficient will be necessary to account for the fact that the material subjected to 
ultrafiltration contains a variety of materials with a wide range of molecular 
weights (see composition in section 2.2.1) and the calculation of a partial 
rejection coefficient (Le. one coefficient for every different molecular weight 
fraction -  Nobrega et al, 1989 and section 2.1.4) rather than a single rejection 
value for a class of compounds (e.g. polysaccharides) is more appropriate. The 
flux decline phenomena observed during the various types of ultrafiltration of the 
extract are also important to study because they are indicative of the presence of 
concentration polarisation and fouling. Flux-time data obtained from experimental 
runs will be used to obtain values of resistance (as described in section 2.1.3.1).
6. Having established a pattern for the characteristics of the ultrafiltration of 
sugar-beet pulp extract under a variety of conditions and acknowledging the 
complexity in the composition of this material (see sections 2.2.1 and 2.2.4), it 
will be useful to examine how the interactions between different classes of 
compounds present in the extract (see section 2.3.2) will affect the aspects of 
ultrafiltration previously mentioned (see point 5 above). Two different approaches 
will be examined: a) a change or ‘disturbance’ in the balance between the 
components, which affects the extent of aggregation present, will be introduced; 
this will have an effect on physico-chemical properties of at least one of the 
components. Addition of ascorbic acid (see section 2.3.2, Lencki and Riedl, 1999) 
is expected to affect the stability of polyphenols and thus the pectin aggregation 
patterns (see figure 2.23). It may also act as a de-polymerising agent for the 
pectins themselves (Rickards et al.t 1967) and b) a change in the extracts’ pH 
value: a value other than the ‘isoelectric’ pH 4.0 for pectins is expected to change 
hydrogen bonding- and other charge-induced pectin aggregation patterns (see 
section 2.2.3.1).
7. Finally, distinction of the contribution of pectin alone in the observed 
ultrafiltration behaviour will be helpful to understand more about the behaviour of 
the complex sugar-beet pulp extract This can be achieved by using a ‘model’
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(semi-purified) beet-pectin solution for ultrafiltration experiments and compare 
the rejection and fouling patterns to those of the extract The semi-purified 
solution can be obtained following a protocol similar to that described in section 
2.233.
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4 MATERIALS AND METHODS
4.1 PRODUCTION AND PROPERTIES OF SUGAR-BEET PULP EXTRACT 
& THE OTHER SOLUTIONS USED AS FEED
4.1.1 Preparation of the sugar-beet pulp extract solution
The feed solution used in ultrafiltration experiments was a pectin-containing 
extract resulting from the acid hydrolysis o f wet sugar-beet pulp. The starting 
material was the wet sugar-beet pulp (donated by Danisco-Cultor, Finland). Three 
different batches o f the material were used throughout this work each originating 
from a different sugar-beet harvesting year (or ‘campaign’). Slight variations 
between different batches were to be expected. In addition, and depending on the 
time of the year the wet pulp was being sent to the university to be used for the 
research work, it was possible that it had been kept in the open air (during the 
winter months in Finland) in a partly-frozen conditioa Temperature variations 
were expected to have an effect on the quality o f the product -  particularly where 
its fermentable carbohydrate content is concerned. It is expected that any changes 
and/or variations will be visible during the size-exclusion chromatography 
analysis of sugar-beet pulp extract samples (see section 4.4). However, as an 
estimate of the ‘total’ pectin concentration of the extract, samples from all 
different sugar-beet pulp extract batches were purified -  by the lyophilisation 
method described in section 4.1.2.3. The average concentration was found to be 
3.8g/L with a variation of about 7%. The raw material was stored at 4°C.
Each hydrolysis batch (1kg) consisted of 25% wet pulp in ultra-pure water. The 
hydrolysis reaction took place at 85°C for 3 hours in acidic conditions (pH 1.5 
adjusted with 96% H2SO4) and was continuously stirred with a glass stirrer. 
Throughout the course of the reaction the temperature was maintained constant 
(85 ± 1°C) using a water bath (Clifton, 28 L), while the pH was periodically 
checked using a pH-meter (Hanna instruments) and adjusted to 1.5 if necessary.
After the end of the reaction and during cooling of the slurry, the pH was 
adjusted to -4.0 with ca 32% NaOH and subsequently clarified using firstly a 
nylon mesh followed by two cycles of vacuum filtration in a Buchner flask, using
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filter paper (Whatman, N ol) and filter aid (kieselguhr). The filter aid from the 
first vacuum filtration was re-used for the second filtration.
4.1.2 Other solutions used as feed in membrane filtration
experiments
Apart from the sugar-beet pulp extract mentioned in the previous section, there 
were also other solutions used in ultrafiltration runs. Their preparation procedures 
are described in the following sections.
4 .1.2.1 Sugar-beet pulp extract with pH other than 4.0
Two other pH values other than 4.0 were tested: one acidic (pH 2.0) and another 
slightly basic (pH 7.5). Such solutions were obtained from the pH 4.0 sugar-beet 
pulp extract by addition of acid (96% H2SO4), in the case of the pH 2.0 solution, 
or alkali (32%NaOH), for the pH 7.5 solution, to the original sugar-beet pulp 
extract until the desired pH value was reached. Acid or alkali solutions were 
added in drops (using plastic Pasteur pipettes) in the stirred sugar-beet pulp 
extract, while the pH was continuously monitored using an electronic pH-meter 
(Hanna instruments).
4 .1.2.2 Sugar-beet pulp extract with L-ascorbic acid added
First, it was necessary to prepare a 0.1 M acetate buffer, pH 4.0 solution and a 
stock L-ascoibic acid solution.
•  Preparation of 0.1 M acetate buffer, pH 4.0 
A stock solution of 0.6 M CH3COONa (Sigma) was prepared by 
dissolving 49.2 g o f CH3COONa (Sigma) in 1 L of ultra-pure water. 
Also, a stock solution of 0.6 M CH3COOH was prepared by adding
34.4 mL of acetic acid glacial (Fisher Scientific) in ultra-pure water to 
give a final volume of 1 L. For the preparation of 1 L of buffer, 130 
mL of the 0.6 M CH3COONa solution and 435 mL of CH3COOH were 
added in ultra-pure water to give the final volume. The real value of 
the pH was measured with a pH-meter (Hanna instruments) and was
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always found to be in the range of 4.0 ±0.1  and, thus, was not 
corrected. Effort was made to use freshly prepared buffer where 
possible. Once made, it was stored at 4°C for up to 2 weeks.
• Preparation of the stock L-ascoibic acid solution
A stock solution of 0.1 g/L L-ascorbic acid (Sigma) was prepared by 
dissolving the appropriate amount of L-ascorbic acid (MW 176.1) in 1 
L of 0.1 M acetate buffer pH 4.0 (see above). The solution was stored 
at 4°C.
The necessary volume of L-ascorbic acid stock solution was added to a given 
volume of sugar-beet pulp extract to give a final concentration of 500 ppm L- 
ascorbic acid
4.1.2.3 Model sugar-beet pulp pectin solution
A solution containing purified beet-pectin from the sugar-beet pulp dispersed in 
buffer was used as a ‘model’ feed solution. The pectin content of the model 
solution corresponded to that of 10-fold diluted sugar-beet pulp extract (refer to 
the purification protocol that follows).
• Purification of sugar-beet pectin from sugar-beet pulp 
extract
The purification protocol followed was an adaptation of a very 
commonly used one (presented schematically in figure 2.2 of the 
Literature Survey section) for pectin purification. The starting material 
was 100 mL of sugar-beet pulp extract (pH 4.0). This volume was 
divided into 8 batches (12.5 mL each). Ethanol (95%; Aldrich) was 
added to each batch at a volume equal to four times the batch volume 
(i.e. 50mL). The mixtures were left to stand at room temperature for 1 
hour and then were centrifuged at 40,000 rpm (Burkard Koolspin pP) 
for 40 minutes. The supernatants were discarded and each pellet was 
washed with 6 mL of 45% ethanol (ca. half the batch volume). A 
centrifugation step took place after each washing step. After the final 
centrifugation step, the supernatant was discarded and each pellet was 
dispersed in 1.25 mL (i.e. 1/10 of the initial batch volume) of ultra- 
pure water (Elga systems). After complete dissolution, the solutions
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were pooled together and lyophilised (Savant Modulyo) overnight to 
provide the purified dry beet pectin -  a white, flaky solid. On average, 
0.38 g of sugar-beet pectin were recovered from 100 mL of sugar-beet 
extract.
Purified pectin was dissolved in 1 L of 0.1 M acetate buffer pH 4.0 (see 4.1.2.2) 
which had previously been vacuum-filtered through a 0.22pm membrane filter 
(Osmonics). At least 16 hours were allowed for dissolution of the pectin in an 
unstirred vessel at ambient temperature.
4.2 DESCRIPTION OF MEMBRANE FILTRATION EQUIPMENT
All the experimental work involving membrane filtration was performed using 
flat-sheet membranes housed in the appropriate modules. There were two 
variations of the basic experimental installation: a stainless-steel ultrafiltration rig 
built in the Department of Chemical Engineering, University o f Bath and the 
commercially available Minitan system (kindly donated by Millipore). In the 
following sections a detailed description of both systems will be given, 
accounting for variations in the operating mode (for example diafiltration). The 
procedures for the necessary calibrations of the systems’ components will be 
presented as well.
4.2.1 Stainless-steel ultrafiltration rig
This experimental set-up shown in figure 4.1a was mainly used for the initial 
ultrafiltration optimisation experiments, (see Results chapter 5.1). A jacketed 2-L 
capacity glass vessel served as the feed tank. It was thermostated using a water 
circulator (Techne C400 -  heating only) and a thermometer validated the 
temperature of the feed solution. The feed solution was pumped to the membrane 
module by a gear pump (head: Verder V330; motor: Verder 2036Auto). The 
retentate stream returned to the feed vessel and its flowrate was measured by a 
variable area rotameter (KDG-2000, up to 5IVmin) and the flowrate could be
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adjusted by a needle valve (Mupro Co.). A ball valve (Parker) in the permeate stream 
allowed for two options: permeate flow could be either directly measured using a 
laboratory-scale balance (Mettler PM3000) or could return to the feed tank.
Three pressure transducers, one in each stream: feed, retentate (Druck Ltd. PCDR 
810 0799, 7bar, 10V) and permeate (Druck Ltd. PCDR 910 700mbar, 10V), made 
possible the calculation of the trans-membrane pressure (TMP) according to the 
p  + p
formula: TMP = 1  ^ 2 - P 0 . P] is the pressure reading of the feed stream, P2 is the
pressure reading of the retentate stream and Po pressure reading of the permeate 
stream. The pressure transducers as well as the balance were connected on-line to a 
personal computer through a data acquisition card (Advantech Ltd. PCL 818L PC 
Labcard) and readings were obtained and stored through a programme written in Q- 
BASIC (by J.T. Bishop and D. Wu, University of Bath) for a user-defined 
experimental run-time. Data could then be exported and converted to MS Excel files.
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(b): Schematic diagram of the installation 
Figure 4.1: The stainless-steel ultrafiltration installation.
The central component of the stainless-steel ultrafiltration system was the 
membrane module consisting of a stainless-steel housing, the flow distributor and 
an insert (see figure 4.2). The housing comprised two parts: the upper and the 
lower. In the upper part the feed flow was divided into three separate channels 
and flowed tangentially on the membrane surface. The retentate stream was 
collected from an equal number of channels and left the module as a single 
stream. The upper part of the housing was designed appropriately so as to 
accommodate the flow distributor, which was in contact with the upper part of the 
membrane. The lower part of the housing consisted of a hollow area where a 
porous-material insert (made of PTFE, pore size ~35pm) of appropriate 
dimensions was placed to support the membrane. Stainless steel tubing starting 
from the middle of this area led the permeate stream away from the module. The 
flow distributor was a piece of plastic material (perspex) grafted in such a way so 
as to provide channels for the feed solution to flow and was the one that 
ultimately determined the membrane area. The flow distributor used had 10
79
channels 0.5cm wide, 8.5cm long and 0.3cm deep each. Thus the effective 
membrane area was: 10x(8.5x0.5) = 42.5cm2 or 0.00425m2.














Figure 4.2: The membrane module of the stainelss-steel ultrafiltration 
installation.
The simple calculations that follow demonstrate the determination of the cross- 
flow velocity (and hence the Reynolds number, Re) taking into account the 
geometry of the channels. According to Perry and Green (1984), the hydraulic
,. , ~ „ area o f stream cross -  section . ^radius is defined as Ru     . For the flow
wetted perimeter
distributor described above, the shape of the cross-section is a rectangle with sides 
a=0.5cm and b=0.3cm. Rh and the corresponding hydraulic diameter (dn) are
given by the following equations (Perry and Green, 1984): RH = 2 ^  ^ b) ^
dH=4 RH- The hydraulic diameter then is dH=0.375cm. The total cross-section area 
of all ten channels is 10 0.3cm 0.5cm=1.5cm2.
For a flowrate of 0.61 L/min the cross-flow velocity (volumetric flowrate/total 
cross-section area) is u=0.678 m/s and the corresponding Reynolds number is
8 0
found to be 257. For the determination of the Reynolds number, the values of the 
dynamic viscosity and density of the extract were required. These were measured 
following the British Standards methods BS 188:1977 and BS 4522:1988 
respectively. The viscosity o f the extract was 10.08- 10’3Pa-s and its density 1020 
kgm '3.
4.2.1.1 Calibration of the feed pump
The calibration of the feed pump was performed at 20°C using 2 L of ultra-pure 
water. The retentate flowrate was measured as a function of different pump 
settings with the permeate line completely closed. The pump was operated for 5 
minutes at each setting with two readings of flowrate recorded. Calibration was 
carried out with the membrane placed in the module (polysulphone membrane 
with a molecular weight cut-off of 30kD, Pall-Filtron) in order to account for the 
effect o f the membrane resistance. Flow was measured by collecting the volume 
of liquid pumped back to the level of the feed tank over a period of time with the 
help of a volumetric cylinder. At the same time, the reading of the flowmeter was 
recorded and, for every setting tested, was found to be the same as the 
experimentally determined flowrate. The calibration curve for the feed pump is 
shown in Appendix A and the straight-line equation that describes it is:
q  (L/min)=0.0473x(pw7wjp setting) (R2=0.9945).
4.2.1.2 Calibration of the pressure transducers
Each of the three transducers connected with the data acquisition card and the 
personal computer was calibrated using a Budenberg dead-weight pressure tester. 
According to the Q-BASIC programme, the pressure for each of the streams is 
calculated by the following equations:
Pressure (bar) = (reading-ojfset-2§4$)x( 100/scalefx204$)x7 (for the feed and 
retentate stream)
Pressure (bar) = (readmg-offset-204$)x(l00/scalefx204S)x0.7 (for the 
permeate stream)
Voltage (positive or negative, mV) is converted to arbitrary units. Zero voltage 
corresponds to the value of 2048 units. The purpose of the calibration procedure 
was to determine the values of the offset and the scale factor (scale/). For each
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transducer the units generated as a function of the pressure when the system was 
connected to the tester were recorded. Also, by appropriate changes in some of 
the commands of the programme the relationship between voltage and units was 
also determined.
According to the above equations the offset and the scale factor for each 
transducer could be determined. The offset value represented the deviation of 
each transducer from the value 2048, which corresponded to 0V, and thus zero 
pressure. Offset values were determined after fitting a straight line at the pressure- 
units data obtained from the tester. The intercept corresponds to the offset. The 
pressure-units graphs for all three transducers are presented in Appendix B. The 
values obtained were:
Offset (0)=  2071 
Offset (1) — 2059 
Offset (2) = 2036
These values were incorporated in the programme in the form of {offset-2048). 
The scale factors (expressed as a percentage) are essentially conversion 
coefficients between voltage (mV) and pressure (bar) and they were determined 
by the slope of the fitted line in the graphs of pressure vs. units. These values 
determined are:
Scale/(0) = 96.53 
Scale/(1) = 99.74 
Scale/ (2) = 99.
4.2.2 The M initan ultrafiltration system
The Minitan system (Millipore) is a tangential-flow laboratory-scale 
ultrafiltration system (figure 4.3). A peristaltic pump (head: Millipore 7015.21) 
drew the feed solution from a 2-L glass container and pumped it to the membrane 
holder. The feed pump was calibrated in a similar manner as that described for the 
stainless-steel rig in section 4.2.1.1 using polysulphone membranes of 30kD 
MWCO (Millipore). The resulting calibration curve is shown in Appendix C and 
the straight-line equation that describes it is:
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q (mL/min) = \0\.5x(pump setting) (R2=0.995)
The retentate was returned to the feed reservoir or was collected in a separate 
container and weighed using a laboratory-scale balance (Precisa 2200C). Two 
pressure gauges were installed: one at the inlet of the membrane holder (feed 
stream) and the other immediately after, at the retentate stream. Permeate stream 
pressure was assumed to be negligible and the trans-membrane pressure was
Figure 4.3: Schematic diagram of the Minitan ultrafiltration system. Grey shaded 
areas refer to possible variations of the system to accomodate different types of 
experiments (see section 4.2.3 and 4.3.4).
Membranes to be used with the Minitan system were in the form of ‘filter 
packets’, each comprising two membrane sheets bonded to a filtrate screen 
providing a total filtration area of 60cm2 (figure 4.4). The design of the module 
allowed stacking of filter packets. In the case where the number of stacks (i.e. 
total membrane area) had to be changed, then the pump setting had to be modified 
in a proportional manner to maintain the same cross-flow velocity. The filter













packets were commercially available (Millipore) in a variety of membrane 
materials (polysulphone, polyethersulphone and cellulose acetate) as well as 
molecular weight cut offs (10, 30, 50 100, 300kD). Throughout the present 
experimental work, stacks of four filter packets were used providing a total 
filtration area of 240cm2. The increased filtration area in such a compact module 
was the reason for using this experimental system. Moreover, more than one 
module could be easily combined to provide a multiple-stage filtration system 
(see section 4.2.3).
R e t e n t a t e
f i l t r a t e
F i l t r a t e
R e t e n t a t e
Figure 4.4: Schematic diagram of the feed, retentate and permeate flow in the 
Minitan 'filter packet' (taken from Millipore catalogue).
4.2.3 Variations of the basic experimental set-up: multiple-stage 
ultrafiltration systems
As mentioned previously, one of the main advantages of using the Minitan 
system was the fact that multiple modules could be combined to create a multiple- 
stage ultrafiltration system. Filtration runs using such a system were performed as 
part of the present experimental work. Three membrane modules were used, each 
housing membranes of a different molecular weight cut off (the MWCOs 
examined were 10, 30 and lOOkD all made from polysulphone, in the form of the
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‘filter packets’ appropriate for use with the Millipore’s’ Minitan system. Two 
basic configurations were examined: i) the parallel and ii) the sequential 
configuration.
4.2.3.1 Parallel configuration (figure 4.5a)
In this configuration feed solution first passed through the ‘intermediate’ 
MWCO membrane (i.e. 30kD). The retentate stream coming out of the module 
was fed to the high-MWCO membrane (1001dD ), whereas the permeate from the 
30kD MWCO module passed through the low-MWCO membrane (lOkD).
4.2.3.2 Sequential configuration (figure 4.5b)
This type of configuration was tested as a multiple-stage configuration 
complementing the parallel one. It was essentially a series o f three single-stage 
filtration runs, where the feed solution passed through three consecutive 
ultrafiltration stages with membranes in descending order of MWCOs. Thus, 
during the first stage the feed solution passed through the high-MWCO 
membranes (lOOkD). The permeate stream from this stage was then fed to the 
30kD MWCO membrane and the permeate from that step was used as the feed to 
the low-MWCO membrane (i.e lOkD).
In certain cases a ‘reverse’ sequential filtration sequence was performed, where 
the feed solution passed firstly through the low-MWCO membrane (lOkD) and 










Figure 4.5: Multiple-stage ultrafiltration system, (a) Parallel configuration and (b) 
sequential configuration. Both configurations replaced the grey-shaded area of the 
membrane module in figure 4.3.
4.3 MEMBRANE FILTRATION EXPERIMENTS
The procedures described in this section apply for both ultrafiltration systems used 
(stainless-steel and Minitan -  and their variations). If any particular condition applies, 
it will be specifically described. It must be reminded that only the stainless-steel 
experimental installation was thermostated. As far as the Minitan system is 
concerned, the temperature at which experiments were performed was the ambient 
one. Measurement of the room temperature (with a laboratory thermometer) during 
experimental work with the Minitan, showed that it never was out of the range of 
20°C ± 2°C thus, the assumption that the experiments’ temperature was 20°C 
generated small error in the flux values.
All ultrafiltration runs were performed in duplicate with each of the flowrate 
measurements made three times. The error was represented by the standard deviation 
expressed as a percentage of the mean value. The error was always less than 2% in the 
case of repeating flowrate measurements during a single experiment and less than 5% 
between repetitions of the same experimental run.
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43.1 Membranes
The membranes used throughout the experimental work were flat-sheet and 
were either used in the form of separate sheets cut to the right size (‘stainless-steel 
ultrafiltration system) or in the form of ‘filter packets’ (Minitan system, see 
section 4.2.2). In the following table the basic information concerning all the 
membranes used in this work are presented
Table 4.1: Summary og the characteristics of the membranes used in the 
experimental work.
Membranes Ultrafiltration
systemMaterial MWCO (kD) Manufacturer
PES 30 Nadir Stainless-steel
PS 30 Pall-Filtron Stainless-steel
CE 30 Nadir Stainless-steel
PS 100 Millipore Minitan
PS 30 Millipore Minitan




Each membrane prior to use for the first time was soaked in ultra-pure water 
for, at least, 16 hours to remove traces of the preservative solution. During that 
period of time water was changed at least once. Also, clean, used membranes 
were stored at 4°C in 0.05% w/v sodium azide (NaN3, Sigma) for future use.
4.3.2 Cleaning of the membranes
All membranes were cleaned before using them for the first time and also after 
the end of each experiment. Cleaning was performed using 1.5 L the alkali 
cleaning agent solution Ultrasil-11 (Henkel) at a concentration of 0.5%w/v. The 
solution was heated at 50°C prior to use and the duration of the cleaning cycle
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was 1 hour. Cleaning was performed at a feed flowrate o f 0.44 L/min with the 
retentate valve completely open and the permeate stream returning to the feed 
tank (total recycle mode). At the end of the cleaning cycle the installation was 
drained and then rinsed with 8 L of ultra-pure water.
4.3.3 Pre-conditioning of the membranes and clean water flax 
measurements
After the membranes were placed in the module and prior to using them for the 
first time, they were cleaned as described in section 4.3.2 to remove residuals 
from the manufacturing procedures and other impurities. Then, the new 
membranes were compressed by running 2 L of ultra-pure water at 20°C for 2 
hours at a feed flowrate of 0.79 L/min and a trans-membrane pressure (IM P) 
higher than any of the normal operating TMPs during experiments. A TMP of 3.5 
bar was used for the stainless-steel ultrafiltration system, whereas for the Minitan 
a TMP of 1.5 bar was used. After compression a clean water flux measurement 
was performed.
For the clean water flux measurement 1.5 L of ultra-pure water were used, re­
circulated at a feed flowrate of 0.44 L/min at 20°C and, in certain cases (see 
Results section 5.1.1.2) at 40°C as well. TMP was varied by adjusting the 
retentate valve. The mass flowrate of water was recorded for each TMP (using a 
balance), which was then converted to volumetric flux. Clean water fluxes were 
recorded for three different TMPs. Two clean water flux measurements were also 
performed after each ultrafiltration run using any feed solution: one directly after 
the experiment and before the cleaning cycle and one immediately after the 
cleaning cycle.
43.4  Basic ultrafiltration procedure and its variations
Before placing the feed solution in the feed tank, the installation was thoroughly 
drained. However, a sample of the feed solution was always taken directly from
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the tank to determine the actual feed concentration after having re-circulated the 
feed solution for a very short period of time (a few seconds). This was done to 
account for any changes in the original feed concentration because of the dilution 
of the feed due to the presence of water in the dead volume of the installation. The 
volume of the feed used was either 1.0 or 1.5 L.
Below are described the characteristics of the ultrafiltration procedure for each 
different operating mode for a given membrane (or set of membranes) and a given 
temperature.
4.3.4.1 Total recycle mode
During this operating mode, permeate returned to the feed tank. This mode was 
used exclusively during single-stage filtration experiments with both systems. The 
reason for using this operating mode was to examine the effect of the variation of 
TMP on the permeate flux and rejection behaviour without altering the 
composition of the feed solution. TMP was varied by adjusting the retentate 
valve. For every total recycle mode experiment at least three different values of 
TMP were examined ranging between 0.15 and 0.8 bar. Permeate flux values 
were recorded in triplicate, after fluxes had stabilised, by temporarily switching 
the two-way valve on the permeate stream to the permeate collection port where 
an electronic balance was placed. The permeate stream was also sampled 
(0.8mL/sample) for each different TMP tested, after having allowed sufficient 
time to account for the module and tubing module ‘downstream* of the 
membrane, so that the sample taken would be representative of the effect of each 
TMP. With the exception of the sample, all permeate liquid collected during flux 
measurement periods was manually added back to the feed tank.
4.3.4.2 Concentration mode
This operating mode, where permeate was continuously removed, was the most 
commonly used throughout this experimental work with both ultrafiltration 
systems (both the stainless-steel and the Minitan) and both configurations (single 
and multiple-stage and the variations of the latter). Concentration experiments 
were performed solely at 20°C with using polysulphone membranes of varying 
nominal MWCOs. The cross-flow was always 0.61 L/min and the TMP 0.5 bar. A
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concentration run would continue until the permeate volume collected was % of 
the initial feed volume. This, in theory corresponds to a volume concentration 
factor (VCF = 4, or 4-fold concentration of the feed solution) however in practice 
it was slightly different due to the presence of liquid in the installations’ dead 
volume (which was approximately 30ml). For the whole of the duration of a 
concentration run the permeate flux was recorded and the retentate returning to 
the feed tank was sampled (0.8 mL/sample -  using glass Pasteur pipettes) at least 
three times.
• Multiple-stage concentration: parallel configuration
In this configuration only the permeate from the low-MWCO membrane 
{i.e. lOkD) was collected. The other streams were returned to the feed tank (see 
figure 4.5a)
• Multiple-stage concentration: sequential configuration
In this configuration, each step was a concentration step, where the permeate 
collected (3A the volume of the initial feed) were used as the feed solution for the 
next step (see figure 4.5b). Provision for 1 L of ‘feed’ for the third step meant that 
the feed volume used for the first step would have to be at least 1.8 L.
4.3.4.3 Diafiltration
In this operating mode, the continuous removal o f permeate from the feed tank 
was compensated by addition of diafiltration liquid at an equal rate, which meant 
that the liquid volume in the feed tank remained unchanged. Similarly to 
concentration runs, diafiltration experiments were performed at 20°C at a cross- 
flow of 0.61 L/min and a TMP of 0.5 bar. The diafiltration liquid used was either 
0.1M acetate buffer, pH 4.0 (see section 4.1.3.2 for preparation procedure) or 
ultra-pure water. Whatever the type of diafiltration liquid, it was always vacuum- 
filtered through a 0.22pm membrane filter (Osmonics). A diafiltration run would 
continue until the volume of diafiltration liquid added was five times the feed 
volume.
Most of the diafiltration experiments were performed using the Minitan system. 
When the stainless-steel system was used, the procedure of adding diafiltration 
liquid to the feed tank was not really continuous: liquid would be added in small 
batches (20-50 mL) manually, after an equal permeate volume had been collected.
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The flexible plastic tubing of the Minitan however, allowed for the vacuum system 
shown in figure 4.6 (a and b) to be used: as the level of liquid in the feed tank was 
slowly lowering, a partial vacuum was created drawing diafiltration liquid into the 
side-armed flask. If the diafiltration liquid reservoir was appropriately placed in 
relation to the feed vessel and the tubing between them was not long, only a small 
volume reduction in the feed vessel (10 -  15mL) would be sufficient for the 














Figure 4.6: The 'vacuum' diafiltration system, (a) Photograph of the Minitan vacuum 
diafiltration system used and (b) simplified schematic diagram of the diafiltration 
apparatus.
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The retentate stream was sampled at least three times during the diafiltration 
procedure. When the vacuum system was used, a simple system of bleeding the 
retentate stream using a 3-way valve and syringe and needle was devised, for 
sampling without disturbing the partial vacuum in the feed vessel and, thus, the 
flow of diafiltration liquid.
4.3.4.4 Varying cross-flow
This was not a different operating mode, but rather a special case of total 
recycle mode. Three different feed flowrates were tested: 0.4,0.6 and 0.79 L/min. 
The TMP in all cases was not varied but constant at 0.5 bar for reasons of 
comparison. Sampling procedures were the same as those outlined in section (a).
Samples obtained with any of the procedures described above were kept frozen 
(-18°C) until they were analysed using chromatography (see section 4.4).
After the end of each experimental run, the installation was drained and rinsed 
with 8 L of ultra-pure water and a clean water flux measurement was performed. 
Then, the ultrafiltration system was cleaned with Ultrasil-11 solution. The 
protocols for the clean water flux measurement and cleaning procedure have been 
presented in section 4.3.3 and section 4.3.2 respectively.
Finally, it is important to note that membranes had to remain wet always 
(whether placed in a module or stored). Thus, ultra-pure water was added in the 
feed tank when the installation was not in operation. When the system would not 
be used the following day, 0.05%w/v NaN3 would be added as bacteriostatic 
agent. For periods of inactivity longer than a few days, the membranes were 
removed from the installation and stored as described in section 4.3.1.
4.4 CHROMATOGRAPHIC ANALYSIS OF THE ULTRAFILTRATION 
SAMPLES
Feed, retentate and permeate samples obtained from all the types of 
ultrafiltration experiments were analysed using a high-performance size-exclusion 
chromatography (HPSEC) system i.e. a high-performance liquid chromatography 
system (HPLC) where size-exclusions columns were used. Size-exclusion is the 
method of choice when molecular weight (or other molecular size-related
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quantity) is the parameter to be determined -  according to the type of column 
calibration adopted by the user.
4.4.1 Description of the chromatographic system
The HPLC system (Shimadzu) used in the present work comprised the 
following parts (see figure 4.7 a and b).
• The solvent delivery module (LC-lOADyp)
• The auto-injector (SIL-lOADyp)
• The column oven (CTO-lOAyp)
• The differential refractometric detector (RID-10A)
• The system controller (SCL-lOAyp)
The chromatographic system was controlled by a personal computer interfaced 

























Figure 4.7: The HPSEC system used for ultrafiltration sample analysis, (a) Simplified 
schematic representation of the chromatographic system and (b) the Shimadzu HPLC 
system. The five components mentioned in 4.4.1 are shown. Also, the three size 
exclusion columns in series are shown in the column oven (see section 4.4.2).
4.4.2 Method of chromatographic analysis
The sample chromatographic analysis method used had the following 
characteristics:
• Size-exclusion columns
T h r e e  s i z e - e x c l u s i o n  c o l u m n s  w e r e  c o n n e c t e d  i n  s e r i e s  i n  d e c r e a s i n g  o r d e r  o f  
f r a c t i o n a t i n g  r a n g e .  T h e s e  c o l u m n s  ( s e e  f i g u r e  4 . 7 b ) ,  i n  t h e  o r d e r  t h e y  w e r e  
c o n n e c t e d ,  s t a r t i n g  f r o m  t h e  o n e  c l o s e r  t o  t h e  s o l v e n t  d e l i v e r y  s y s t e m ,  w e r e :  T S K  
g e l  G 5 0 0 0 P W x l , G 4 0 0 0 P W x l  a n d  G 2 5 0 0 P W XL ( 7 .8  m m  i .d .  x  3 0  c m  e a c h ,  
T o s o h - H a a s ) .
• Mobile phase
The mobile phase used was 0.1M acetate buffer, pH 4.0 (prepared as described in 
section 4.1.3.2). Prior to use the buffer was vacuum-filtered
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through a 0.22pm membrane filter (Osmonics), boiled for 2 minutes and de­
gassed with helium sparging for 40 minutes.
•  Chromatographic conditions
a. Mobile phase flowrate: 0.5 mL/min (the corresponding pressure 
drop was AP=3.0 MPa)
b. Oven temperature: 50°C (the mobile phase was also heated at the 
same temperature using a hotplate)
c. Sample injection volume: 100pm. All samples were filtered 
through 0.2pm syringe filters (Acrodsic) immediately before the injection. 
Filtered samples (ca.0.5 mL) were put into glass vials (1.2CWV, 
Chromacol) appropriate for use with the systems’ auto-injector.
d. Run-time: 60 min, corresponding to a total elution volume of 30 
ml.
4.4.3 Calibration of the HPSEC system
Before analysing the samples obtained from ultrafiltration experiments, the 
chromatographic system had to be calibrated. The first step was to determine the 
exclusion limits of the given system. This was done using dextran (av. MW 
5,000,000 -  40,000,000 D; Sigma) to determine the total exclusion volume and 
glucose (MW 180 D; Sigma) and NaCl (MW 58.44; Sigma) to determine the total 
permeation volume. The solutions were prepared to give a final concentration of 1 
mg/ml in 0.1M acetate buffer, pH 4.0 {i.e. the mobile phase). [For the preparation 
of the dextran standard the same procedure applies as the one that is given below 
for the rest of the polymer standards.] The total exclusion volume was found to be
14.1 mL and the total permeation volume 29.7 mL. These two values indicate the 
‘useful’ fractionating range of the combination of the three columns in series. In 
fact, the total permeation volume determined the run-time of the chromatographic 
system, which was chosen to be 60 min.
In size-exclusion chromatography, the calibration curve correlates the elution 
volume (or time) with a molecular size parameter. This is achieved by analysing a 
series o£ preferably monodisperse, standards, under the same chromatographic
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conditions and with the same system as the unknown samples and correlating the 
elution volumes at which they appear on the chromatogram with a known 
molecular size parameter (most commonly molecular weight). This correlation 
between the two parameters, when presented in semi-logarithmic scale, should be 
a straight line and constitutes the calibration curve.
For the construction of the calibration curve in the present system, three sets of 
standards were used: a) pullulan standards (a kit of 8 standards, 200 mg each; 
Shodex), b) polyethylene oxide) (PEO) standards (a kit of 6 standards, 200 mg 
each; Phenomenex) and oligosachharide standards (a kit of 3 standards: 
maltoheptaose (DP7), maltohexaose (DP6) and maltotriose (DP3) -  DP: degree of 
polymerisation; Supelco). For the preparation of all polymer standard solutions 
(including the oligosaccharide standards as well as the dextran previously 
mentioned) the following protocol was followed: the appropriate amount of 
polymer was weighed in a glass universal bottle and the same buffer as the mobile 
phase, was added to give a final concentration between 0.5 and 1 mg/mL. Three 
series of standards were prepared, each of a different concentration. Solutions 
were left for, at least, 16 hours to fully swell (in the case of the polymeric 
standards) at ambient temperature, without promoting dissolution in any way (e.g. 
with stirring, shaking or heating). Resulting polymer solutions were then filtered 
through 0.45pm syringe filters (Acrodisc) and then the chromatographic analysis 
was carried out under the conditions described in section 4.4.2.
The calibration data and the resulting calibration curve are presented in 
Appendix D and the resulting calibration equation is:
log(MW/D) = -0.26644xelution volume (mL)+J0.375 (R2=0.9825)
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5 RESULTS
5.1 ULTRAFILTRATION OF SUGAR-BEET PULP EXTRACT I: INITIAL 
DETERMINATION AND OPTIMISATION OF EXPERIMENTAL 
CONDITIONS
5.1.1 General ultrafiltration behaviour of the sugar-beet pulp extract
As mentioned in the previous chapter the feed solution used in ultrafiltration 
experiments was the product of the acidic hydrolysis of the wet sugar-beet pulp. 
The components of interest in this complex mixture were the pectins 
(polysaccharides) and their de-composition products such as oligosaccharides and 
monosaccharides.
The first stage of the ultrafiltation work involved an initial optimisation of the 
experimental conditions in terms of the membrane material and the feed 
temperature. The best set of conditions would be chosen based both on the 
permeate flux behaviour as well as the separation achieved. The experimental 
procedure followed during this optimisation stage generally involved performing 
ultrafiltration runs of sugar-beet pulp extract in conditions where, for a given 
cross-flow (corresponding to a feed flowrate of 0.61 L/min), the trans-membrane 
pressure was the adjustable variable while the permeate flux was measured 
experimentally accompanied by sampling of the process streams to check 
separation with HPLC analysis. Such sets of experiments were performed for 
each membrane material and temperature examined.
5.1.1.1 Effect of membrane material
Three different membrane materials were tested and in order to examine the 
effect of the material solely, the same nominal molecular weight cut off of 30kD 
was chosen for all three types of membrane. The materials were i) 
polyethersulphone (PES; Nadir), ii) polysulphone (PS; Pall-Filtron) and iii) 
cellulose (CE; Nadir). These were in the form of flat-sheets and they were used
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with the experimental installation described in section 4.2.1 of the Materials and 
Methods chapter.
Before using each new membrane a clean water flux was performed using ultra- 
pure water. For pure solvent fluxes the permeate volumetric flowrates are 
independent of the cross-flow velocity, but throughout this work the same feed 
flowrate of 0.44L/min was always used during clean water flux measurements for 
consistency reasons. The hydrodynamic permeabilities and resistances obtained 
are shown in table 5.1, based on the following equations:
Jw = L - A P  and L„ = ---- -----
where Jw: pure solvent (ultra-pure water) permeate flux (m/s),
Lp: hydrodynamic permeability (m/Pa-s),
Rm: hydrodynamic resistance (m"1) and psoi dynamic viscosity of the solvent 
(Pa-s) i.e. |isoi, 20°c= l *0* 10 3 Pa-s for water at 20°C (Perry and Green, 1984).
Table 5.1: Values of hydrodynamic permeability (Lp) and hydrodynamic 
resistance (Rm) at 20°C for the three clean membranes tested.
Membrane LP-(m/Pa-s) Rm (m 1)
PS 2.94-1 O'10 3.4 1012
PES 1.64-1 O'10 6.10-1012
CE 2.02-10*10 4.95-1012
The polyethersulphone membrane had the highest hydrodynamic resistance 
whereas the polysulphone membrane had the lowest hydrodynamic resistance.
After the end of each experimental run the rig was thoroughly rinsed with 
distilled water and the pure solvent flux was determined again to account for the 
presence of irreversible fouling of the membranes. The permeabilities obtained 
are presented in table 5.2. From the permeability values it was possible to 
calculate a total resistance (R t)  to flow, which was the sum of the hydrodynamic 
resistance of the membrane (Rm) and the resistance due to fouling (Rp). The 








Table 5.2: Values o f hydrodynamic permeability (Lp), total (Rt) and fouling (Rp) 
resistance o f the fouled membranes after ultrafiltration runs o f sugar-beet pulp 
extract at 20°C.
Membrane LP(m/Pas) RT (m1) Rf (m1)
PS 0.539-10'10 18.55-1012 15.15-1012
PES 0.36-10‘10 27.78-1012 21.68-1012
CE 0.39-10‘10 25.64-1012 20.69-1012
The membranes were cleaned with Ultrasil-11 after the end o f each 
ultrafiltration run and the subsequent determination o f the pure solvent flux. After 
cleaning, the pure solvent flux was determined again and was always found to 
return to approximately the same values as the ones for the virgin membrane, as 
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Figure 5.1: Comparison o f clean water fluxes obtained for the polysulphone 
30kD MWCO membrane.
______________ TMP (bar)
□  virgin membrane A after cleaning
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The variation o f permeate flux with trans-membrane pressure for each o f the 
three membranes at 20°C is presented in figure 5.2. Even though for all the 
membrane materials the permeate fluxes were generally quite low the best 
performance was demonstrated by the polysulphone membrane with the highest 
permeate flux being approximately 8L/m2/h at a trans-membrane pressure (TMP) 
o f 0.7bar. The polyethersulphone membrane had the lowest permeate flux values. 
This pattern was consistent with the permeability data presented previously where 
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Figure 5.2: Variation o f permeate flux with trans-membrane pressure for a cross- 
flow o f 0.61 L/min at 20°C (PS = polysulphone, PES = polyethersulphone, CE = 
cellulose).
5.1.1.2 Effect o f  temperature
A similar series o f experiments as the ones described in section 5.1.1.1 was 
performed at an elevated feed temperature o f 40°C. The respective hydrodynamic 
resistances and permeabilities o f the membranes - given that psoi, 40°c = 0.89-10'3 
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Table 5.3: Values of hydrodynamic permeability (Lp), and hydrodynamic 
resistances (Rm) at 40°C of the three clean membranes tested.




Similar to the respective results for 20°C, polysulphone membrane had the 
lowest hydrodynamic resistance followed by the one made of cellulose. For the 
polyethersulphone membrane, which had the highest resistance, a temperature 
increase of 20 degrees resulted in a reduction of the hydrodynamic resistance by 
28.9% whereas for polysulphone and cellulose membranes the reduction was 
37.6% and 47% respectively.
After the end of each experimental run and before membrane cleaning, the pure 
solvent flux was determined. The permeabilities as well as the total and fouling 
resistances calculated are presented in table 5.4:
Table 5.4: Values of hydrodynamic permeability (Lp), total (Rt) and fouling ( R f)  
resistance of the fouled membranes after ultrafiltration runs of sugar-beet pulp 
extract at 40°C.
Membrane LP-(m/Pas) Rt (m 1) Rf Ou 1)
PS 0.68-1010 16.52* 1012 14.4-1012
PES 0.5 MO'10 22.03-1012 17.69* 1012
CE 0.43-1 O'10 26.13* 1012 23.51-1012
As expected (due to the decrease in viscosity with increasing temperature), the 
permeability increased at 40°C for all three membrane materials.
Figure 5.3 comparing the permeate flux with varying trans-membrane pressure 
during ultrafiltration of the sugar-beet pulp extract at 20 and 40°C using the 
polysulphone membrane revealed that the increase in temperature resulted in a 
decrease in the permeate flux. This pattern was consistent for all membranes 
tested. An increase in flux was expected because according to the equation
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Figure 5.3: Variation of permeate flux with trans-membrane pressure during the 
ultrafiltration of sugar-beet pulp extract at different temperatures using the 
polysulphone membrane (30kD MWCO).
Instead, a decrease in the permeate flux was observed when the temperature was 
increased from 20 to 40°C. This unusual phenomenon may be occurring due to 
changes in the feed material components -  equivalent to denaturation of proteins 
or gelation -  that may cause the formation of much more consolidated fouling 
layer at the higher temperature that results in reduced permeate fluxes.
5.1.1.3 Analyses of the samples obtained from ultrafiltration experiments
After the appropriate calibration of the HPSEC system (as described in section 
4.4.3 of the Materials and Methods chapter), the samples obtained from the 
experiments described in the previous sections were analysed. An example of the 






Figure 5.4: Example of the form of the chromatograms for the feed obtained by 
HPSEC analysis. (Ultrafiltration at 40°C, using the 30kD MWCO 
polyethersulphone membrane.)
Examination of the permeate chromatograms (fig.5.5) showed that there was 
complete retention by the membrane of the high and medium molecular weight 
regions allowing only for a fraction with quite narrow distribution to pass 
(MW=1.5 kDa).
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Figure 5.5: Example of the form of the chromatograms for the permeate obtained by 
HPSEC analysis. (Ultrafiltration at 40°C, using the 30kD MWCO polyethersulphone 
membrane - TMP=0.475bar.)
The most important observation from the HPSEC analysis was that rejection 
appeared to be completely insensitive to experimental conditions (different membrane 
materials, temperature and varying trans-membrane pressure) since all the 
chromatograms of the permeates were practically superimposable (refer to Appendix 
E for a full list of chromatograms). Also, in the retentate stream the low -molecular 
weight peak was always present (figure 5.6) along with the high-molecular weight 
material, thus fractionation was not achieved irrespective to the experimental 
conditions.
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Figure 5.6: Example of the form of the chromatograms for the retentate obtained by 
HPSEC analysis. (Ultrafiltration at 40°C, using the 30kD MWCO polyethersulphone 
membrane - TMP=0.475bar.)
5.1.1.4 Optimal operating conditions and choice of membrane
From the results presented above it was decided that, due to the lack of sensitivity in 
the separation under the experimental conditions tried, only flux-time data would be 
used for the initial optimisation. The membrane exhibiting the best flux behaviour 
was the one made of polysulphone (it had the lowest hydrodynamic resistance as well 
as highest permeability before membrane cleaning indicating less fouling than the 
other two membranes tested). As far as the temperature is concerned, ultrafiltration of 
sugar-beet pulp extract at 20°C resulted in a better flux behaviour than that at 40°C 
with no effect on the separation hence 20°C will be used. For subsequent 
ultrafiltration experiments (and in particular in the constant-pressure concentration 
mode) the cross-flow chosen was 0.61 L/min (due to limitations of the feed pump) 
with a trans-membrane pressure of 0.5 bar.
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However, it must be stressed that high permeate flux is only one criterion for 
choosing the best membrane. Of equal, if not of more, importance is the 
selectivity of the membrane with respect to the desired separation. Other 
membranes with different molecular weight cut-offs (MWCOs) will be tested for 
this purpose in the section that follows.
5.2 ULTRAFILTRATION OF SUGAR-BEET PULP EXTRACT II: PROCESS 
PERFORMANCE AND SEPARATION EFFICIENCY
5.2.1 Fractionation of sugar-beet pulp extract using ultrafiltration
In this section the results from the fractionation of sugar-beet pulp (SBP) extract 
are reported. The main objective was to isolate the high-molecular weight 
fraction, containing sugar-beet pectins and their aggregates, from the rest of the 
extract solution. As shown in the previous section, the main feature of the 
preliminary ultrafiltration runs of the feed material was that, unless negative 
rejection occurred, all fractions were concentrated to some varying extent in the 
retentate. Thus, while the permeate stream was essentially free of higher- 
molecular weight fractions, the retentate was not depleted of the smaller 
components. These observations were not significantly affected by changes in the 
parameters examined in the previous section (trans-membrane pressure, and 
temperature of the process).
Two different ultrafiltration operating modes were tried: concentration mode 
(where the permeate was constantly being removed from the feed solution) and 
diafiltration (or dilution mode), where the retentate was diluted with solvent so 
that the low molecular weight solutes could be washed out. In addition, the 
possibility of using multiple modules, each containing membranes of a different 
molecular weight cut off, connected to each other in order to enhance the 
fractionation was also tested.
All trials described in this section were performed using membranes made of 
polysulphone; these were used either in the form of flat sheet or as part of the
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membrane filter configuration available to be used with the Minitan (Millipore) 
filtration unit.
5.2.1.1 Concentration of sugar-beet pulp extract
I) Single-module concentration
The effect of the nominal molecular weight cut off of the membrane on the 
effectiveness of the fractionation was examined by testing membranes of three 
different molecular weight cut offs (MWCOs): 10, 30 and lOOkD. Given that the 
average molecular size of sugar-beet pectin molecules is between 40 and 50kD, 
this selection of molecular weight cut offs should account for the filtration 
behaviour when using a much higher pore size (lOOkD MWCO) in comparison to 
the size of the molecules to be separated, a much lower pore size (lOkD MWCO) 
and a similar pore size (30kD MWCO). A single module was used and all 
membranes were made of polysulphone (since this material exhibited the best flux 
behaviour during the initial optimisation runs described in the previous section). 
For all three membranes tested, the experimental conditions (cross-flow, trans­
membrane pressure, feed volume and temperature) were the same. The volume 
concentration factor (VCF) was equal to 4 {i.e. feed to final concentrate ratio 1:4) 
in each case.
The molecular weight distributions obtained during the concentration of sugar- 
beet pulp extract are shown in figures 5.7, 5.8 and 5.9, where, for each membrane 
tested, the feed, final permeate and final retentate profiles are shown. The low- 
molecular weight peak (~1.5kD) was always present in the final retentate stream, 
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Figure 5.7: M o l e c u l a r  w e i g h t  d i s t r i b u t i o n  p r o f i l e s  f o r  t h e  c o n c e n t r a t i o n  o f  s u g a r -  
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Figure 5.8: M o l e c u l a r  w e i g h t  d i s t r i b u t i o n  p r o f i l e s  f o r  t h e  c o n c e n t r a t i o n  o f  s u g a r -  
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Figure 5.9: Molecular weight distribution profiles for the concentration of 
sugar-beet pulp extract using lOOkD molecular weight cut off membranes.
The effect of the membranes’ pore size was more profound for the high 
molecular weight cut off (lOOkD -  figure 5.9): even though the low molecular 
weight peak is still present in the concentrate, its concentration (given by the peak 
area) is much lower than that of the feed. This was not the case for the other two 
molecular weight cut off values tested (figures 5.7 and 5.8), where in fact the low- 
molecular weight peak was only marginally smaller than that of the feed.
The final permeate streams {i.e. when the total permeate volume collected was 
% that of the initial feed volume) have also been included in the size distribution 
graphs, showing that, for sugar-beet pulp extract filtration and with the 
chromatography calibration method used, the ‘nominal’ molecular weight cut off 
describes quite accurately the membranes’ ‘real’ cut-off: in the case of the lOOkD 
MWCO (figure 5.9), no material with molecular weight higher than ~90kD was
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present in the final permeate stream; for the 30kD MWCO (figure 5.8) the real 
cut-off was around 20kD and for the lOkD MWCO (figure 5.7) it was ~8kD.
II) Multiple-module concentration
Since single-step concentration (using a single membrane module) did not result 
in a retentate stream free of low-molecular weight components, the idea of linking 
together more than one membrane modules, each with a membrane of a different 
molecular weight cut off was adopted Two basic configurations were used: the 
parallel and the sequential. In both cases the cross-flow and the trans-membrane 
pressure were the same. In the parallel configuration, sugar-beet pulp extract was 
first ‘fed’ to the 30kD MWCO membrane with its retentate stream passing 
through the lOOkD MWCO membrane, whereas the permeate passed through a 
lOkD MWCO membrane. Both streams coming out of the lOOkD membrane as 
well as the retentate from the lOkD membrane were returned to the feed tank 
(except at the end of the run, when all streams were sampled) and ultrafiltration 
proceeded until the feed solution was concentrated down to V* of its initial volume 
(see Materials and Methods chapter, figure 4.5(a)). In the case of sequential 
filtration, sugar-beet pulp extract was first fed to the lOOkD MWCO membrane. 
The permeate obtained from this first concentration step was then used as a feed 
to the 30kD MWCO membrane and after the second concentration step, the 
permeate obtained was used as feed to the lOkD MWCO membrane. Obviously, 
this was not a continuous operation, but the cross-flow and trans-membrane 
pressure were the same for each step and the same to the ones of the parallel 
configuration (see figure 4.5(b)). A two-step ‘reverse* sequential filtration was 
also tried, where the first concentration step of the sugar-beet pulp extract was 
performed using lOkD MWCO membranes and the permeate from that step was 
then fed to the lOOkD MWCO membrane. The reason for performing the 
sequential filtration in this order too was to examine the effect that components of 
molecular weight less than ~8kD (z.e. the ones passing through the lOkD MWCO 
membrane) had on the ultrafiltration behaviour with a membrane of a much 
higher molecular weight cut off (lOOkD) particularly in terms of fouling which 










Figure 5.10 shows the molecular weight distributions obtained from this 
multiple stage filtration. The outcome of this concentration was not improved 
compared to single-module ones. That was particularly obvious in the case of 
the retentate from the lOOkD MWCO membrane, where the corresponding 
single-step concentration (figure 5.9) was much more efficient in terms of 
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Figure 5.10: Molecular weight distribution profiles for the multiple-stage 
filtration of the sugar-beet pulp extract (parallel configuration).
Had the separation of the high-molecular weight components (retentate from 
lOOkD MWCO membrane) been successful, the stream of most interest would 
have been the retentate from the lOkD MWCO membrane since it would 
contain the medium-sized oligosaccharides present in the sugar-beet pulp 
extract. However, as figure 5.10 shows, no significant concentration of 










Figure 5.11 shows the molecular weight distribution profiles of the retentate 
streams obtained from each step of the sequential concentration. The second 
and third steps were of importance in this process. Similarly to the parallel 
configuration, the extra filtration steps did not help to effect the desired 
separation. Some degree of fractionation of the medium-molecular weight 
components was evident (see distribution for the retentate from the 30kD 
MWCO membrane module -  red line in figure 5.11) but it was by no means 
complete. Membranes of 10 and 30kD MWCOs did not contribute at all to the 
depletion of the retentate streams of the low-molecular weight peak, a 
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Figure 5.11: Molecular weight distribution profiles for the sequential filtration of 
the sugar-beet pulp extract.
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The results from the ‘reverse’ sequential concentration are presented in figure 
5.12. The second concentration step (i.e. the step where the permeate from the 
lOkD MWCO concentration was fed to the lOOkD MWCO membrane) did 
not help reduce the amount of the low-molecular weight components present 
in the final retentate stream and, in that respect, the single-module lOOkD 
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Figure 5.12: Molecular weight distribution profiles for the ‘reverse’ sequential 
filtration of the sugar-beet pulp extract.
It must be noted that, in this section, the effects of various types of 
concentration of the sugar-beet pulp extract on its fractionation have been 
described. The effect on flux performance, which is also an important parameter 
are examined in the section concerning fouling (section 5.2.3).
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5.2.1.2 Diafiltration of sugar-beet pulp extract
The concentration attempts described in the previous section did not result in 
the desired separation (isolation of the pectin fraction from the extract). 
Diafiltration was tested as the next step since it is operating mode of choice when 
components of a size much lower than the membranes’ cut-off need to be ‘washed 
out’ of the feed solution.
In this section, the fractionation results of diafiltration of the sugar-beet pulp 
extract are described. As in the concentration experiments, three membranes of 
different molecular weight cut offs were tested, all made of polysulphone, 10, 30 
and lOOkD. The possibility of further enhancing the separation by using a 
combination of modules was also tested and finally the effect of the liquid used 
for diafiltration (acetate buffer pH 4.0 or ultra-pure water) was also examined. For 
all diafiltration experiments the same experimental conditions were adopted {ie. 
cross-flow of 0.61L/min and trans-membrane pressure of 0.5bar). Also the final 
volume of diafiltration liquid added was five times that of the feed.
I) Single-module diafiltration
Figures 5.13, 5.14 and 5.15 show the molecular weight distribution profiles 
obtained for the diafiltration of the sugar-beet pulp extract using membranes of 
different molecular weight cut offs, where the retentate profile presented was the 
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Figure 5.13: Molecular weight distribution profiles for the sugar-beet pulp extract 
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Figure 5.14: Molecular weight distribution profiles for the sugar-beet pulp extract 
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Figure 5.15: Molecular weight distribution profiles for the sugar-beet pulp extract 
diafiltration using lOOkD MWCO membranes.
The low-molecular weight component peak was almost completely removed 
from the retentate stream for all three molecular weight cut offs tested. Thus, 
diafiltration was the right choice for fractionation of the sugar-beet pulp extract 
into two streams containing the high- and the low-molecular weight components. 
Comparison of these profiles with the corresponding ones obtained from the 
concentration runs using same MWCO membranes (figures 5.7-5.9) showed that 
the concentration (as indicated by the area beneath the chromatographic profile) 
of the high-molecular weight fraction was not as high as in the case of 
diafiltration. However, it must be pointed out that diafiltration resembled more a 
continuous operation whereas concentrations were essentially batch runs with the 
profiles shown in figures 5.7 -  5.9 representing the profile of the streams at the 
end of the batch run.
II) Multiple-module diafiltration
A multiple-module configuration was used in an attempt to achieve complete 









high-molecular weight fraction, but also in the separation of the remaining 
material into two streams. One stream contained the higher-molecular weight 
oligosaccharides and the other stream the rest of the oligosaccharides as well as 
the monosaccharides carried with the diafiltration liquid and permeated all 
membranes. The configuration was essentially the same as the one used for the 
multiple-module concentration runs (parallel configuration -  see figure 4.5(a)). 
The experimental conditions were the same as those for the single-module 
diafiltration and the results obtained from such a run are presented in figure 5.16. 
Diafiltration was effective in removing the low-molecular weight components 
from the final retentate stream (after the lOOkD MWCO membrane), however no 
further fractionation occurred, specifically for the retentate stream from the lOkD 
MWCO membrane or the permeate stream from the lOOkD MWCO membrane,
i.e. the streams where components of intermediate size would be present. It must 
be noted that for these streams the significantly smaller intensity of the signal was 
due to dilution because of the addition of the diafiltration liquid (the refractive 
index signal was roughly five times less than that of the feed chromatogram, 
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Figure 5.16: Molecular weight distribution profiles for the multiple-module 
diafiltration of the sugar-beet pulp extract.
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Ill) Effect of diafiltration liquid
In the two previous sections concerning diafiltration no specific mention was 
made as to what the diafiltration liquid was. Both water (ultra pure and filtered 
through a 0.22pm filter prior to use) and acetate buffer, 0.1M ionic strength, pH 
4.0 (filtered through a 0.22pm filter prior to use) were tested for any effect on the 
fractionation behaviour. Figure 5.17 compares the retentate molecular weight 
distributions from diafiltration runs (using 10kD MWCO membranes) performed 
with acetate buffer and water. Sugar-beet pulp extract from the same hydrolysis 
batch was used and the distributions shown were obtained when five times the 
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Figure 5.17: Comparison of molecular weight distribution profiles of the 
retentates from diafiltration of sugar-beet pulp extract (lOkD MWCO membranes) 
using water and acetate buffer as the diafiltration liquid.
The profiles were very similar and given the very low intensity of the detectors’ 
signal, it was assumed that there was no significant influence of the type of
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diafiltration liquid used and water (treated as described above) was used for 
subsequent diafiltration runs.
5.2.2 Rejection behaviour of sugar-beet pulp extract during ultrafiltration
For the various different types of ultrafiltration experiments where the sugar- 
beet pulp extract was used as the feed, an effort was made to determine the 
apparent rejection behaviour and how that was affected by varying experimental 
conditions. Rejection is a very important parameter in membrane processes 
because it indicates the selectivity of the membrane towards a given solute, 
expressed (usually as a percentage) of the solute concentration that has been
C - C  Cretained by the membrane. It is defined as: = — ---- — = 1— — where Cf
Cp Cp
and Cp are the solute concentrations in the feed and permeate respectively. Its 
value varies between 1 (or 100% - complete retention of the solute) and 0 (or 0% 
- solute passes freely through the membrane). In the present work the feed 
solution consisted, as described in the previous sections, of components 
(saccharides) with a continuous molecular weight spectrum ranging from 
hundreds of thousands of Daltons to less than 1000 D. Hence, it is necessary to 
extend the definition of rejection in order to account for this type of material. The
observed partial rejection coefficient can be defined as: R. = 1 -  for
^  C{MW, )F
any given molecular weight value i, where C (M W i)p and C (M W i)F are the 
concentrations of the component with molecular weight M W i in the permeate and 
feed respectively. In the sections that follow this is the definition of rejection 
mostly used. The source of the rejection data was the chromatographic profiles 
(detectors* signal vs. molecular weight) for the various ultrafiltration streams 
obtained by size-exclusion chromatography.
5.2.2.1 Description of the general rejection pattern (effect of trans-membrane 
pressure and membranes* nominal molecular weight cut -  off)
The raw experimental data obtained from the chromatographic analysis were in 
the form of the refractive index detectors* signal as a function of elution volume.
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These were transformed into plots of detectors’ response against molecular 
weight: RI=f(MW) using a column calibration curve previously using 
monodisperse polymer standards. From such graphs (essentially molecular weight 
distributions) for the feed and permeate streams, the observed partial rejection 
coefficient could be determined for each fraction of molecular weight:
R(MWt ) = 1 -  j  * where R Ip(M W i) and R Ij^M W i) are the detectors*
response for the MW* of the permeate and feed respectively. Inherent is the 
assumption that the response of the detector is proportional to the concentration of 
the sample. In practice, the HPLC system would record the refractive index signal 
(in Volts) every 0.5 seconds. The American standard code file containing the time 
-  voltage data was converted to MS Excel format and the partial rejection 
coefficient would be calculated point-to-point for each time -  voltage recording. 
Using the procedure described above the observed rejection coefficient was 
determined as a function of the molecular weight.
The effect of increasing trans-membrane pressure (and thus permeate flux) on the 
rejection profile was examined for a given cross-flow (0.61L/min). This is shown 
in figure 5.18 for a membrane with lOOkD molecular weight cut off. The presence 
of the low molecular weight components and particularly the ~1.5kD peak made 
interpretation of results like the one presented in figure 5.18 difficult, partly due 
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Figure 5.18: Variation of the observed rejection coefficient (partial) for different 
permeate fluxes during the ultrafiltration of sugar-beet pulp extract using 
membranes of lOOkD MWCO.
This peak was narrow and quite symmetrical, and for the purpose of the analysis 
and interpretation presented in this work, it was assumed to represent a single 
component. It is not possible to know if that is the case in reality however, given 
the shape of the peak, if not a single component, then it must represent a group of 
components (oligosaccharides) very similar in size. Based on this assumption, its 
rejection was studied separately following the ‘conventional’ definition of the
C
observed rejection coefficient (Robs = 1— —), where concentrations were
CF
proportional to the areas beneath the corresponding peaks. These were obtained 
from the integrated detectors’ response (a function automatically performed by 
the chromatographic systems’ software), rather than the signal of the detector for 
a given molecular weight value. Thus study of rejection focused into two different 





partial rejection coefficient data were obtained and ii) the ‘single-component’ 
peak for which observed rejection coefficients were calculated.
Taking into account the conventions stated above, figures 5.19 and 5.20 show 
the variation in the observed partial rejection coefficient and observed rejection 
coefficient for the two distinct areas mentioned above. The figures show the effect 
of molecular weight as well as permeate flux for membranes of different 
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Figure 5.19: Variation of observed partial rejection coefficient with molecular 
weight and permeate flux during ultrafiltration of sugar-beet pulp extract using 
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Figure 5.20: Variation of the observed rejection coefficient with permeate flux 
for the ‘single-component’ peak and membranes of different molecular weight cut 
offs.
The profiles showed that for any given permeate flux the partial observed 
rejection decreased with decreasing molecular weight. In the molecular weight 
region above ~10kD rejection increased with decreasing permeate flux (figure 
5.19). On the other hand, in the low molecular weight end (2kD<MW<3kD) the 
opposite trend was observed: the higher the permeate flux, the higher the rejection 
coefficient. A similar pattern was observed for the single-component peak as well 
(figure 5.20): the observed rejection coefficient increased with increased permeate 
flux. The same rejection pattern was demonstrated by all different molecular 
weight cut off membranes tested. The effect of variation of the molecular weight 
cut off was only apparent in the area in-between the two rejection patterns, where 
rejection started to change from one type to the other. For the lOOkD MWCO 
membrane this area was wider (3kD<MW<10kD), whereas for the 30kD MWCO 
membrane the respective area ranged between 6 and lOkD.
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5.2.2.2 Effect of cross-flow velocity on rejection pattern
The effect of cross-flow velocity on the filtration behaviour of the sugar-beet 
pulp extract was assessed by varying the feed pump speed, thus changing the 
volumetric flowrate (and cross-flow). The three different feed flowrates tested 
were 0.44, 0.61 and 0.79L/min. It must be noted that all velocities tested fell well 
within the laminar flow region and that was due to the feed pump capacity 
limitations.
Figure 5.21 shows the effect of varying cross-flow on the rejection behaviour. 
For a given molecular weight value in the area above ~3kD, RobS 
(0.44L/min)>Robs (0.61L/min)>RObs (0.79L/min), i.e. the rejection was higher for 
the lower cross-flow. In the low-molecular weight area the rejection for the 
highest cross-flow still remained the lowest but the rejection for 0.61L/min 
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Figure 5.21: Variation of Robs with molecular weight for the ultrafiltration of 
sugar-beet pulp extract under different cross-flows using a 30kD MWCO 
membrane.
124
5.23 Membrane fouling occurrence during ultrafiltration of sugar-beet 
pulp extract
Thus far the fractionation and rejection behaviour observed during the 
ultrafiltration of sugar-beet pulp have been studied However, an assessment of 
the performance of the membrane filtration process cannot be complete without 
studying the permeate flux behaviour, which is very important because it provides 
a direct indication of the occurrence and extent of fouling during ultrafiltration. In 
this section, permeate flux -  time data obtained from the various categories of 
ultrafiltration experiments described in the previous sections are presented A 
measure of the occurrence of fouling was given by the comparison of the 
resistances o f the membrane to pure solvent transport obtained during the clean 
water flux measurements performed before and after ultrafiltration runs.
5.2.3.1 Concentration of sugar-beet pulp extract by ultrafiltration
The flux -  time data obtained from the concentration of sugar-beet pulp extract 
using a single module and membranes of varying molecular weight cut offs, are 
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Figure 5.22: Permeate flux evolution during the ultrafiltration (concentration) 
of sugar-beet pulp extract using membranes of different molecular weight cut-offs 
(TMP=0.5 bar and cross-flow of 0.61 L/min).
As expected, permeate flux was much higher for the lOOkD and 30kD MWCO 
membranes than the lOkD MWCO (approximately 16-fold and 7-fold 
respectively). Flux decline occurred for all the membranes tested indicating the 
presence of fouling (reversible and irreversible). The decline was more 
pronounced for the 30kD MWCO membrane, where the permeate flux decreased 
by almost 50% within the first eight minutes of the run. Loss of permeate flux 
was significant in the case of the lOOkD MWCO membrane as well, however it 
was much more gradual spanning the whole 100 minutes of the duration of the 
concentration run. Finally the flux loss during the concentration using the 10kD 
MWCO membrane did not seem to be that important, however it must be noted 
that even from the beginning of the run, the permeate flux obtained with this 
membrane was extremely low (~2.5L/m2/h) suggesting very rapid fouling.
As mentioned in section 5.2.1, the use of multiple membrane modules was 
intended to achieve complete fractionation of the sugar-beet pulp extract. The 
permeate flux behaviour with time for the three steps of the sequential
126
concentration experiment is shown in figure 5.23. Fouling was again present, but 
since, in this case, the feed for the second and third steps was the permeate from 
the previous step the flux -  time behaviour observed was much improved in 
comparison to the single-module concentration runs. Very noticeable was the 
increase in permeate flux for the 30kD MWCO membrane: at the beginning of the 
second concentration step the permeate flux was higher than that of the lOOkD 
MWCO membrane and more than twice higher than the corresponding value of 
the single module concentration. For the third concentration step the flux 
improvement was again very significant: almost a 6-fold increase in the initial 
permeate flux in comparison to the respective single-module concentration. 
However, flux decline was still very prominent, particularly for the second and 
third concentration steps. This indicated that the high-molecular weight 
components in the extract were not solely responsible for the occurrence of 




Figure 5.23: Permeate flux evolution during the sequential ultrafiltration 
(concentration) of sugar-beet pulp extract (TMP =0.5 bar, cross-flow 0.61 L/min).
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The purpose of the ‘reverse5 sequential concentration runs was to examine 
whether reversing the order of the membranes of the sequential filtration - from 
lower (lOkD) to higher (lOOkD) molecular weight cut off - influenced the 
permeate flux. The effect on the separation has already been described in section 
5.2.1.2. The difference in the permeate flux for the lOOkD MWCO membrane 
when it is the second step of the sequential filtration (figure 5.24) in comparison 
to it being the first (figure 5.23) was notable: the initial permeate flux increased 
more than twice when it was used in the second step. Fouling occurred but was 
not as severe and flux remained high, implying that the low-MW components 
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Figure 5.24: Permeate flux evolution during the ’reverse' sequential ultrafiltration 
of sugar-beet pulp extract.
Using the clean water flux data from the measurement made before membrane 
cleaning and by comparison with the clean water flux data of the clean membrane, 
it was possible to quantify the presence of irreversible fouling. From the slope of
1 2 8
the line representing the clean water flux data (water flux vs. trans-membrane 
pressure) of a measurement performed on the clean membrane, the hydrodynamic 
resistance due to the membrane itself, Rm, was determined according to the 
1 APequation: J w  ----------- , where the dynamic viscosity of water. Similarly,
p *  R-
the slope obtained from a clean water flux performed after an ultrafiltration run 
but before membrane cleaning, allowed the calculation of a total resistance, Rtot
1 APaccording to the equation: J w = ----------- , where Rtot was the sum of the
hydrodynamic resistance of the membrane, Rm and the additional resistance due 
to fouling, Rp, occurring during ultrafiltration: Rtot=Rm+RF.
The highest value of resistance due to fouling (figure 5.25) was observed when 
a lOkD MWCO membrane was used as the first ultrafiltration step or on its own 
(single-module configuration). Sequential filtration with this molecular weight cut 
off used in the last step, significantly reduced the value of Rf (by -60%) however 
there was still fouling material present 
On the other hand for the lOOkD MWCO membrane, the resistance due to 
irreversible fouling was very low when the membrane served as the second step in 
the sequence but, given the sharp decline in permeate flux described previously, it 
seemed likely that concentration polarisation phenomena (and/or other types of 
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Figure 5.25: Comparison of the resistances due to irreversible fouling during the 
single- and multiple-module ultrafiltration of sugar-beet pulp extract.
5.2.3.2 Effect of diafiltration
The flux -  time data from the single-module diafiltration of sugar-beet pulp 
extract are presented in figure 5.26. Initial permeate flux values were comparable 
to the corresponding ones of the same molecular weight cut off membrane from 
the concentration experiment. However, the flux decline was much more gradual 
in the case of diafiltration (compare 30kD MWCO membrane diafiltration and 
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Figure 5.26: F l u x  e v o l u t i o n  f o r  t h e  s u g a r - b e e t  p u l p  e x t r a c t  d i a f i l t r a t i o n  u s i n g  
m e m b r a n e s  o f  v a r i o u s  m o l e c u l a r  w e i g h t  c u t  o f f s  ( T M P = 0 . 5 b a r ,  c r o s s - f l o w  0 .6 1  
L / m i n ) .
T h e  r e s i s t a n c e s  d u e  t o  f o u l i n g  a r e  p r e s e n t e d  i n  f i g u r e  5 .2 7 .  F o u l i n g  h a d  a  m o r e  
d e t r i m e n t a l  e f f e c t ,  a s  e x p e c t e d ,  o n  t h e  l O k D  M W C O  m e m b r a n e  d i a f i l t r a t i o n ,  w i t h  
d i a f i l t r a t i o n  r e d u c i n g  i t s  o c c u r r e n c e  b y  6 4 % .  H o w e v e r  f o r  t h e  h i g h e r  M W C O  
m e m b r a n e s  d i a f i l t r a t i o n  c a u s e d  a  s l i g h t  i n c r e a s e  o f  t h e  R F c o m p a r e d  t o  t h e  
c o r r e s p o n d i n g  c o n c e n t r a t i o n  v a l u e s  b u t  t h i s  c o u l d  b e  d u e  t o  t h e  p r o l o n g e d  
d u r a t i o n  o f  t h e  d i a f i l t r a t i o n  i n  c o m p a r i s o n  t o  t h e  d u r a t i o n  o f  a  c o n c e n t r a t i o n  r u n  
a n d  t h a t  d i f f e r e n c e  i n  t i m e  w a s  m o r e  p r o n o u n c e d  f o r  t h e  1 0 0  a n d  3 0 k D  M W C O  
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Figure 5 .2 7 :  C o m p a r i s o n  o f  r e s i s t a n c e s  d u e  t o  m e m b r a n e  f o u l i n g  d u r i n g  t h e  
s i n g l e - m o d u l e  u l t r a f i l t r a t i o n  o f  s u g a r - b e e t  p u l p  e x t r a c t  ( t h e  h y d r o d y n a m i c  
r e s i s t a n c e  o f  t h e  m e m b r a n e  a l o n e ,  R m , i s  a l s o  s h o w n )
A n  o v e r v i e w  o f  t h e  f l u x  l o s s e s  d u r i n g  t h e  u l t r a f i l t r a t i o n  e x p e r i m e n t s  d e s c r i b e d  
i n  t h i s  s e c t i o n ,  i s  g i v e n  i n  f i g u r e  5 .2 8 .  W i t h  t h e  e x c e p t i o n  o f  m a i n l y  t h e  lO O k D  
M W C O  m e m b r a n e ,  t h e  f l u x  l o s s e s  w e r e  h i g h  r e a c h i n g  ( o r  i n  c a s e s  e x c e e d i n g )  
5 0 % .  I n  g e n e r a l ,  d i a f i l t r a t i o n  h a d  a  p o s i t i v e  e f f e c t  b y  r e d u c i n g  t h e  l o s s  f o r  a l l  
m e m b r a n e s  e x a m i n e d .
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Figure 5.28: Overview of the flux losses during ultrafiltration runs o f sugar- 
beet pulp extract.
5.3 A STUDY ON THE INFLUENCE OF PROPERTIES AND 
CHARACTERISTICS OF SUGAR-BEET PULP EXTRACT ON ITS 
ULTRAFILTRATION BEHAVIOUR
As presented in the previous section, ultrafiltration o f sugar-beet pulp extract 
under a variety o f conditions revealed a complex behaviour in terms o f  
fractionation, rejection and fouling. In an effort to better understand and possibly 
explain this behaviour the extract itself and the parameters that affect its 
properties must be studied in more detail.
The extraction protocol adopted (acidic hydrolysis at elevated temperature) was 
chosen to maximise the yield o f sugar-beet pectin in the extract and in order to 
stabilise it, the pH of the freshly prepared extract was adjusted to 4.0, a pH value 
at which pectin molecules are not charged. However, this lack o f charge could be
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a parameter affecting the filtration behaviour o f the extract. Thus, the effect of 
changing the feed solutions’ pH was studied, where both acidic (pH 2.0) and basic 
(pH 7.5) conditions were examined and compared to the ‘normal’ pH 4.0 one.
The sugar-beet pulp extract is essentially a natural product and as a result it is 
possible that the filtration behaviour described in the previous chapter could not 
be attributed with certainty only to the presence of the sugar-beet pectin. Model 
sugar-beet pectin solutions were, therefore, prepared from the original feed 
solution (see Materials and Methods section 4.1.2.3) and series of ultrafiltration 
runs were performed - similar to the ones performed with sugar-beet pulp extract. 
The ‘control’ behaviour obtained would then indicate if the phenomena observed 
during the ultrafiltration of the extract were due to the sugar-beet pectins or to the 
presence of other interacting materials in the extract
In fact this last point was of particular importance due to the fret that pectins 
(including those from sugar-beet) can easily form aggregates and the aggregate 
formation pattern could be affected by the presence of certain agents. In this case 
it was the antioxidant L-ascorbic acid. Ascorbic acid acts by preventing naturally- 
occurring oxidation of phenolics present in the extract Oxidised phenolics 
condense to form large structures that have a pectin- as well as protein-binding 
capacity. L-ascorbic acid was added to the sugar-beet pulp extract and its 
ultrafiltration behaviour was examined
All experiments described in this section were performed using polysulphone 
membranes with a nominal molecular weight cut-off of 30kD.
53.1 Effect of pH of the feed solution
The chromatograms obtained from the concentration of sugar-beet pulp extract 
with pH 2.0 and 7.5 are shown in figures 5.29 and 5.30. The experimental 
conditions were identical to that of the single-module concentration of sugar-beet 
pulp extract pH 4.0 i.e. cross-flow of 0.61 L/min and trans-membrane pressure of 
0.5 bar (see also section 5.2.1.1) and concentration down to one fourth of the 
initial feed volume. The change in pH did not alter the feed chromatographic 









feed with pH 4.0, concentration did not yield a retentate stream free o f the low- 
molecular weight components, however the acidic-pH feed seemed to have less 
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Figure 5.29: MW distribution profiles for the concentration of SBP extract (pH 
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Figure 5.30: MW distribution profiles for the concentration of SBP extract (pH 
7.5) using 30kD polysulphone membranes (TMP=0.5bar; ‘VCF’ denotes ‘volume 
concentration factor’).
Even though the change in the pH value of the feed did not improve the 
fractionation of sugar-beet pulp extract, it had an effect on the permeate flux 
behaviour during the concentration runs. As shown in figure 5.31, there is a 
significant difference in the permeate flux -  time profile obtained during the 
concentration of each different type of feed. The feed solution of pH 7.5 
demonstrated the highest flux values (starting at approximately 24 L/m2/h) and 
despite the sharp decrease in flux, resulting in a total loss of 63.9% at the end of 
the concentration, it was still higher than the pH 2.0 feed that had the lowest 
values of permeate fluxes (starting at just 6.8 L/m2/h with a 39.4% loss of flux). 
Calculation of the resistances due to fouling from the clean water fluxes, showed 
that the pH 7.5 feed caused the least fouling (RF. = 3.37-1012 m'1) quite close to 
the ‘normal’ pH 4.0 sugar-beet pulp extract (RF. = 4.01-1012 m"1) but less than half 
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Figure 5.31: Permeate flux evolution during the concentration of SBP extract 
with varying pH, using 30kD polysulphone membranes (TMP=0.5bar).
The variation of rejection with molecular weight (partial rejection coefficient) 
and permeate flux was studied as well, according to the method of analysis 
described in section 5.2.3, and is presented in figures 5.32 to 5.34. For all pH 
values tested, the observed rejection coefficient varied both with the molecular 
weight as well as with the permeate flux. It showed a decrease with decreasing 







10000000 1000000 100000 10000 1000 100 10 1
Molecular weight (D)
—  J=8.0 L/mA2/h J=11.2 L/mA2/h —  J=10.1 L/mA2/h
Figure 5.32: Variation of the observed rejection coefficient Robs with molecular 
weight during the ultrafiltration of sugar-beet pulp extract (pH 2.0) for varying 
permeate fluxes using 30kD MWCO polysulphone membranes.
However, it is important to note that partial rejection was affected by the pH 
value of the feed solution. Comparison of the rejection curves obtained during 
ultrafiltration of extracts with different pH values and for similar permeate fluxes 
(see figure 5.35 -  combination of figures 5.32-5.34) shows that there was a 
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Figure 5.33: Variation of the observed rejection coefficient Robs with molecular 
weight during the ultrafiltration of sugar-beet pulp extract (pH 4.0) for varying 
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Figure 5.34: Variation of the observed rejection coefficient Robs with molecular 
weight during the ultrafiltration of sugar-beet pulp extract (pH 7.5) for varying 
permeate fluxes using 30kD MWCO polysulphone membranes.
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For instance, for the fraction with a molecular weight of lOkD, an increase of 
the pH from 2.0 to 4.0 caused the observed rejection coefficient to increase from 
0.72 to 0.85. Further increase of the pH to 7.5 resulted in an increase in Robs. to 
0.98. Even though this molecular weight range was quite narrow (ca. 5 to llkD), 
it indicated that there is a possibility to enhance the fractionation of sugar-beet 
pulp extract during ultrafiltration by manipulating the pH of the solution.
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Figure 5.35: Variation of the observed partial rejection coefficient Robs with 
molecular weight for similar permeate fluxes J, during the ultrafiltration of sugar- 
beet pulp extract of varying pH values (30kD MWCO polysulphone membranes).
The observed rejection coefficient for the ‘single-component’ peak of molecular 
weight ca. 1 5kD was also calculated after integration of the area beneath the peak. 
The same trend that was consistently observed during the ultrafiltration of sugar- 
beet pulp extract (pH 4.0) for membranes of different molecular weight cut-offs, 
was also observed with the different types of feed (figure 5.36): while in the high- 
molecular weight region, increase in the permeate flux caused the Robs to 








represented by the ‘single-component’ peak: increase in the permeate flux caused 
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Figure 5.36: Variation of the observed rejection coefficient of the single­
component peak with permeate flux for different values of the feed pH during the 
ultrafiltration of sugar-beet pulp extract using 30kD MWCO polysulphone 
membranes.
5.3.2 Ultrafiltration of the model sugar-beet pulp pectin solution
The model sugar-beet pectin solution was prepared by dissolving lyophilised 
purified pectin, obtained from the sugar-beet pulp extract, in acetate buffer 0.1M, 
pH 4.0 (according to the protocol described in the Materials and Methods section 
4.1.2.3). The solution (0.38%w/v) was clear and colourless (in contrast with the 
green/yellow-coloured sugar-beet extract) and analysis by size-exclusion 
chromatography (figure 5.37) showed that, even though the general profile
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appearance was the same as that of the extract (distinct low-molecular weight 
peak, shifted towards ca. 2kD), the purified pectin solution appeared to be much 
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Figure 5.37: Molecular weight distribution profile of the model sugar-beet 
pectin.
The concentration pattern observed with other types of feed solution was 
unchanged in the case of the model pectin solution (figure 5.38): there was no 
change in the amount of the low-molecular weight component present in the final 
retentate stream although it was much richer in the high-molecular weight 
material, something that occurred only with the lOOkD MWCO membrane during 
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Figure 5.38: Molecular weight distribution profiles of the streams obtained from 
the concentration experiment of model sugar-beet pectin solution using 30kD 
polysulphone membranes (TMP=0.5bar; ‘VCF’ denotes volume concentration 
factor).
In terms of permeate flux, the performance of the model pectin solution was 
slightly better than that of the sugar-beet pulp extract (figure 5.39). However, 
sugar-beet pectin proved to be a very fouling material: the loss of flux during 
concentration (49.2%) was high and comparable to that of the sugar-beet pulp 
extract (54.5%), while the resistance due to fouling had the highest value for the 
feed solution types used thus far (8.07* 1012 m'1), more than twice the value for the 
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Figure 5.39: Permeate flux evolution during the concentration of model sugar- 
beet pectin solution using 30kD polysulphone membranes (TMP=0.5bar).
The study of rejection during the ultrafiltration of the model pectin solution 
showed that, once more, the ‘dual’ behaviour with varying molecular weight and 
permeate flux occurred (figures 5.40 and 5.41). In the high-molecular weight 
region increase in the permeate flux led to a decrease in the observed partial 
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Figure 5.40: Variation of observed rejection coefficient with molecular weight 
during the ultrafiltration of model sugar-beet pectin solution using polysulphone 
membranes with 30kD MWCO.
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Figure 5.41: Variation of the observed rejection coefficient of the single­
component peak with permeate flux for the model sugar-beet pectin solution and 
the sugar-beet pulp extract during ultrafiltration using 30kD MWCO 
polysulphone membranes.
The study of the ultrafiltration patterns of the model sugar-beet pectin solution 
showed that they were very similar to those observed with the sugar-beet pulp 
extract and, thus, could be attributed to the properties of the beet pectin itself 
which not only caused severe membrane fouling but also exhibited a peculiar 
rejection behaviour.
5.3.3 Effect of antioxidant addition to the ultrafiltration behaviour of 
sugar-beet pulp extract
Though, as shown in the previous section, the rejection and fouling patterns 
observed with sugar-beet pulp extract were largely due to the sugar-beet pectin
-j. 1___( [■ ■ ■ J 1             |    »
Perm eate flux (L/m2/h)
■  model sugar-beet pectin A -  sugar-beet pulp extract
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itself, it was interesting to examine the effect the interactions between the 
components of the extract had on the filtration behaviour. Probably the most 
important class of interactions are the ones responsible for aggregate formation. 
From the chromatographic profiles already presented, it was obvious that 
aggregation was present leading to the formation of species even larger than 106 
D. Aggregation is a naturally occurring phenomenon that is largely due to 
oxidation reactions taking place in the sugar-beet pulp extract Thus, one would 
expect a change in the filtration behaviour by addition of an antioxidant agent. 
The antioxidant chosen in the present work was L-ascorbic acid, an agent 
commonly used as an additive in fruit juices (e.g. apple juice) to prevent 
occurrence of flocculation and colloidal settlement with time that leads to post­
bottling haziness. In fact, the amount of ascorbic acid added to the sugar-beet pulp 
extract was 500 ppm, the amount routinely added during apple juice treatment. 
The ascorbic acid-treated extract will be referred to as ‘AATSBP extract’ in the 
following analysis.
The addition of the antioxidant had a marked effect on the chromatographic 
profile of the extract as shown in figure 5.42: the AATSBP extract did not contain 
significant amounts of very high molecular weight components like in the case of 
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Figure 5.42: MW distribution profiles obtained during the concentration of the 
AATSBP extract using 30kD MWCO polysulphone membranes (TMP=0.5bar; 
‘VCF’ denotes ‘volume concentration factor’).
Concentration of the AATSBP extract (0.61 L/min cross-flow, TMP=0.5 bar) 
did not completely deplete the retentate phase from the low-molecular weight 
material and there was only moderate concentration of the high-molecular weight 
material taking place (figure 5.42). The initial permeate flux was comparable to 
the one obtained for the concentration of sugar-beet pulp extract but the flux loss 
during the concentration experiment was very high (approximately 67% - see
figure 5.43) indicating heavy fouling. In fact, the value of the resistance due to
10 1irreversible fouling was the highest (8.76*10 m ') obtained with all different 
types of feed tested.
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Figure 5.43: Permeate flux evolution during the concentration of AATSBP 
extract using 30kD MWCO polysulphone membranes (TMP=0.5bar).
The variation of the observed rejection coefficient both with molecular weight 
and permeate flux value was interesting to study as well. For the high - molecular 
weight region the partial rejection coefficient decreased with decreasing 
molecular weight value for a given permeate flux. However, with increasing 
permeate flux Robs increased too. Thus, the opposite trend than the one described 
for all the other types of feed was observed (figure 5.44). The same trend occurred 
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Figure 5.44: Variation of observed rejection coefficient with molecular weight 
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Figure 5.45: Variation of the observed rejection coefficient of the single­
component peak with permeate flux for the AATSBP and the sugar-beet extracts 
during ultrafiltration using 30kD MWCO polysulphone membranes.
From the results presented above, it is obvious that aggregation played an 
important role in the membrane filtration behaviour of sugar-beet pulp extract. 
Reduced presence of aggregates led to heavier membrane fouling and the change 
in the rejection pattern with permeate flux indicated that aggregation was 
reducing the selectivity of membranes with increasing trans-membrane pressure 
(and hence permeate flux).
151
6 DISCUSSION
6.1 GENERAL ULTRAFILTRATION BEHAVIOUR OF SUGAR-BEET 
PULP EXTRACT
The results presented in section 5.1 are important because they provide a first 
indication of the behaviour of the sugar-beet pulp extract during ultrafiltration. A 
basic optimization procedure was required in order to obtain a set of experimental 
conditions that would be followed in subsequent experiments examining the 
effects on the process performance of other parameters.
Membrane material and temperature were the two variables studied during this 
initial optimization, with the permeate flux, the resistance to flow due to fouling 
and the separation achieved being the parameters used for assessing the best set of 
conditions.
Three membrane materials were tested: cellulose, polysulphone and 
polyethersulphone. All of them are hydrophilic materials and the reason for not 
including hydrophobic polymers in the initial membrane material selection was 
that hydrophilic materials have reduced adsorption tendencies when compared to 
hydrophobic ones. Solute adsorption has a negative influence on the permeate 
flux because the adsorbed layer presents an additional resistance to mass transfer 
and flow and consequently contributes to a decline in flux (Mulder, 1996).
Polysulphone exhibited the best behaviour both in terms of permeate flux 
during ultrafiltration of sugar-beet pulp extract (see figure 5.2) and occurrence of 
fouling (see table 5.2). Even though polysulphone and polyethersulphone are 
similar polymers, results with polyethersulphone showed that its resistance due to 
fouling was the highest of all three polymers tested.
The resistance due to fouling, calculated from clean water flux data after the 
ultrafiltration run and before cleaning of the membrane, is a good measure of 
comparison of the performance of each material. At this point it is important to 
point out that in ultrafiltration (as well as microfiltration) processes, the process 
performance is not dictated by the intrinsic properties of the membrane itself and 
that is due to the occurrence of concentration polarisation and fouling. These 
boundary layer and interfacial phenomena ‘shape’ the filtration behaviour. This 
implies that apart from thermal and chemical stability, the ability to reduce
152
fouling tendency (or improved fouling behaviour in general) is of greater 
significance than the intrinsic properties of the membrane. Chemical stability 
becomes important when the solution properties are extreme (e.g. very acidic or 
basic solution pH or presence of corrosive components). For the above reason, it 
is also important for an efficient cleaning regime (often conducted using basic 
solutions).
In the case of the sugar-beet pulp extract feed, the points raised above applied 
because the order of magnitude of the values of the resistances due to fouling 
were the same for all three materials (ranging between 15 and 21-1012 m '1. The 
values of permeate flux under the given set of experimental conditions showed 
differences (with polysulphone membranes exhibiting the highest values), 
however the order of magnitude was again the same.
These differences in value justify the choice of the polysulphone material (for 
ultrafiltration runs at 20°C) as the one to be used at subsequent investigations 
however, the observed behaviour strongly suggests that fouling is more important 
in the separation performance than any other intrinsic characteristic of any of the 
three materials tested.
Furthermore, cleaning of polysulphone membranes with the alkali Ultrasil-11 
solution (see section 4.3.2) was effective in that no residual fouling was observed 
(see figure 5.1). Similar observations have been made when polysulphone 
membranes (flat-sheet) have been used for apple juice clarification (Alvarez et al.y 
1998).
An increase in the filtration temperature lowered, as expected, the 
hydrodynamic resistance of all membranes (see table 5.3). However, the decrease 
was not only due to the effect of viscosity (decreasing with increasing 
temperature). For all three membrane (hydrophilic) materials tested the decrease 
in the values of hydrodynamic resistance (Rm) was greater than anticipated just 
because of the effect of temperature, suggesting that the temperature, possibly, 
causes changes in the polymeric material that result in enhanced pure water 
fluxes. The decrease in the Rm value was more pronounced with the cellulosic 
membrane (decrease by -50% between 20 and 40°C). Cellulose is the least 
thermally-stable material of the three and even though there were no signs of 
physical degradation after use at 40°C, changes in the structure of the polymer
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because of the temperature could have resulted in such an unexpected increase in 
the permeate flux.
When ultrafiltration of sugar-beet pulp extract was performed at 40°C, there was 
a decrease in the permeate flux, which, again, was not anticipated by simply the 
viscosity effect. Calculation of the resistances due to fouling (see table 5.4) and 
comparison with the respective values at 20°C showed that for the polysulphone 
and polyethersulphone the net result of the temperature increase was a reduction 
in fouling (improved behaviour). The same did not apply for cellulose where an 
increase in the value of the resistance (Rf) due to fouling was observed. This 
contradicting behaviour of cellulose (highest Rm decrease and increase in Rf with 
increasing temperature) could be attributed to changes due to temperature making 
the polymer more prone to fouling.
Permeate flux and fouling occurrence constitute part of the overall performance 
of an ultrafiltration process. The separation achieved is also very important The 
results, in terms of separation during this initial optimisation, showed that 
membrane material and temperature did not have an effect on the permeate 
profiles. While the permeate stream was free of the high-molecular weight (MW) 
components (> 1.5kD), in the retentate stream the low-MW peak was present in 
the same concentration as in the feed and permeate streams. Since the material of 
primary interest in the sugar-beet pulp extract is the high-MW pectinic fraction 
there was no satisfactory separation achieved. This lack of ‘sensitivity’ towards 
the separation of both membrane material and temperature reinforces the point 
made earlier in the section that membrane fouling is possibly the most important 
feature affecting the performance of sugar-beet pulp extract ultrafiltration.
6.2 FRACTIONATION BEHAVIOUR DURING ULTRAFILTRATION OF 
SUGAR-BEET PULP EXTRACT
The aim of fractionating the sugar-beet pulp extract was to obtain the sugar-beet 
pectins in the form of a concentrated solution. The operating conditions 
(TMP=0.5bar at low cross-flow and ambient temperature) as well as the 
membrane material have been discussed in the previous section. The
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concentration step was performed under a variety of conditions (varying the 
membranes' molecular weight cut off, using multiple membrane modules, and 
testing whether diafiltration enhanced the separation) in order to determine which 
one gave the best results. As already mentioned in section 5.1, information about 
fractionation was obtained by high-performance size-exclusion chromatography 
(HPSEC) yielding MW distributions of the process streams. Information from 
these MW distributions was then used to obtain overall observed rejection as well 
as rejection profiles with molecular weight (see next section 6.3). The volume 
concentration factor was in all cases (/.e. in simple concentration or in 
diafiltration followed by concentration) equal to four.
As far as the concentration using a single membrane module is concerned, it 
was obvious from the detectors' signal values on the chromatograms that the 
concentration was not four-fold for the membranes with 10 and 30kD molecular 
weight cut off (MWCO) (see figures 5.7 and 5.8). In the case of the 100kD 
MWCO membrane concentration was achieved to a greater extent but still by a 
factor of less than 4. From figure 6.1 (showing the high-MW region of the 
distribution in more detail for all membranes with different MWCOs tested -  
derived from figures 5.7, 5.8 and 5.9) it is obvious that for the membranes of 10 
and 30kD MWCO high molecular weight material (>100kD) is ‘leaking* on the 
permeate side (particularly in the case of lOkD MWCO membrane). For the 
lOOkD MWCO membrane no such observation was made. From all three profiles 
it seems that the higher the nominal MWCO the more accurate (less material 
losses) the real cut off is. It would normally be expected that for a separation 
using the membrane with the lower nominal MWCO (and hence the smaller pore 
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Figure 6.1: Profile of the high-MW fraction during the concentration of sugar- 
beet pulp extract using (a) lOkD, (b) 30kD and (c) lOOkD MWCO polysulphone 
membranes (TMP=0.5bar).
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The molecular size of the fractions (according to the calibration of the HPSEC 
columns) indicates that they are both polymer aggregates as well as individual 
pectin molecules (molecular sizes ranging from a few thousand to a few millions 
of Daltons). It is known that pectin aggregates can be temporarily disrupted in 
conditions of high shear but are again readily reformed upon resting of the 
solution (Anger and berth, 1986). This phenomenon might provide an explanation 
for the occurrence of the high-MW species in the permeate stream; it is still very 
interesting though, that the greatest amount of high-MW material appears with the 
membrane of the lowest nominal MWCO.
Another peculiarity observed with all MWCOs examined was the fact that the 
concentrate did not contain the extreme end of the distribution (MW>2-106D) that 
were present in the feed stream. Once more, an increase in concentration and/or 
other changes in the concentrate solutions’ properties as a result of the 
concentration increase could affect aggregate formation and size.
At this point, it is important to note that the MW distributions obtained from 
different samples taken during ultrafiltration runs, incorporate the effects of both 
the membrane filtration as well as the changes that might occur in the sample 
distribution as a result of its passage during the size-exclusion columns. This type 
o f chromatography is fractionating and indeed involves the passage of the 
polymer (or any other component) through a porous medium that is the stationary 
phase. It is not possible in the output (;.e. the chromatogram and hence the MW 
distribution) to distinguish the effects of membrane fractionation from those of 
chromatography. The chromatographic analysis of the feed stream provides a 
form of ‘normalisation’, thus any comparison involving the feed MW distribution 
is assumed to demonstrate the effects of membrane filtration only.
Combination of modules with membranes of different MWCOs was performed 
in three different ways: i) in a parallel configuration, ii) in a sequential 
configuration and iii) in reverse-sequential configuration (see sections 4.2.3 and 
5.2.1.1 II). Similarly to single-module concentration, the fractionation was not 
complete and the additional steps, with the exception o f the sequential 
configuration, did not lead to complete resolution of the extract in components 
according to their molecular size.
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Diafiltration, on the other hand, accomplished the desirable fractionation by 
almost completely eliminating the low-MW fraction from the concentrate.
6.3 REJECTION BEHAVIOUR DURING ULTRAFILTRATION OF SUGAR-
BEET PULP EXTRACT
Because of the polydispersity of the pectic component of the sugar-beet pulp 
extract, observed partial rejection coefficients were used to show the change in 
rejection with molecular weight. However, since both feed and permeate fractions 
(with the exception of diafiltration) contained the narrow low-MW peak, it was 
assumed that this peak represented a single (unknown) component and its 
rejection was calculated through the value of its area in the feed and permeate 
streams -  integrated by the chromatography software. Rejection experiments 
normally involved the calculation of rejection coefficients from samples obtained 
during TMP-J ultrafiltration runs (Le. runs where the permeate flux was measured 
as the trans-membrane pressure was varied for a given cross-flow velocity using 
membranes of various MWCOs).
All rejection studies of sugar-beet pulp extract were characterised by the 
unusual pattern described in 5.2.2, where the whole MW distribution was broken 
down into four areas (see figures 5.19 and 5.20)
1. The high-MW area (>10kD), where the partial rejection coefficient 
increased with decreasing permeate flux
2. An intermediate MW area (3-10kD), where there was no consistent 
trend between the observed partial rejection coefficient and the permeate flux
3. A low-MW area, where the opposite trend to that described in (1) 
was observed: the partial observed rejection coefficient was increasing with 
increasing permeate flux and
4. The single-component peak (~1.5kD), where the same trend as that 
described in (3) was consistently observed
In addition, the observed partial rejection coefficient decreased with decreasing 
fraction molecular weight
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According to evidence in the literature, the use of materials with a molecular 
weight distribution in feed solutions to ultrafiltration processes is limited and even 
more limited are the fundamental studies aiming to elucidate rejection behaviour 
of such systems. As mentioned previously (see Literature Survey section 2.2.4) 
model solutes with a molecular distribution rather than a singular molecular 
weight value are used for membrane characterisation purposes. Such solutes are 
commonly dextran polymers, which do not foul ultrafiltration membranes. The 
rejection studies in the present work can be considered as ‘inverse’ 
characterisation studies, where the objective is not to characterise the membrane 
but rather to obtain an insight in the filtration behaviour of a polydisperse polymer 
(pectin) in a complex medium where fouling is prominent
In the literature there do not exist other examples of similar variation of 
rejection behaviour with both MW and permeate flux. However, fractionation of 
model binary protein solutions has been described, where in that case too, 
rejection varied with trans-membrane pressure (and hence permeate flux) in a way 
similar to that described for the low-MW region described above. At lower 
permeate fluxes (where the extent of adsorption and fouling are minimal), 
rejection of the larger protein of the mixture was expected to decrease due to 
lower hindrance in transmission. (Ghosh and Cui, 2000a). At higher permeate 
fluxes, the sieving properties of the membranes may be altered due to dynamic 
membrane formation (resulting from adsorption and fouling) and this led to 
higher rejection of the larger proteins (Ghosh, 2001). On the other hand, dextran 
studies (Nobrega et al., 1989) have shown that the observed partial rejection 
coefficient decreases with increasing permeate flux (similar to region (1) 
described above) based to the effect of deformation if dextran molecules as the 
permeate flux (and hence trans-membrane pressure) increase.
There are three significant differences in the case of the sugar-beet pulp extract 
as a pectin-containing solution only (Le. without taking into account other 
components also present in the extract), i) Pectins have the tendency to form 
aggregates, ii) Pectins, in contrast with dextrans, act as a membrane foulant. iii) 
The dextran solution used in the characterisation studies mentioned above was no 
truly polydisperse: instead a mixture of several narrow-MW dextran standards 
was used covering a wide molecular weight area. The ‘true’ polydispersity of the
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extract, its fouling nature and its aggregation properties are phenomena could be 
interrelated and also be responsible for the observed rejection pattern described 
above.
6.4 CONCENTRATION POLARISATION AND FOULING
Permeate flux measurements during ultrafiltration of sugar-beet pulp extract and 
clean water flux measurements before the cleaning of the membranes have been 
used to quantify the occurrence of fouling. It is known that pectic colloids from 
various sources foul ultrafiltration membranes (Pritchard et al., 1995). In the 
present work fouling was prominent with all membranes and configurations used. 
The resistance due to fouling {i.e. fouling that remains after the application of 
trans-membrane pressure with water permeating the membrane and before the 
cleaning of the membrane) shown in figures 5.27 and 5.29 give an idea of the 
magnitude of fouling.
However, this resistance value does not give any information about 
concentration polarisation during ultrafiltration, particularly in the case of 
concentration experiments. Comparison between the values of resistance due to 
fouling and that due to concentration polarisation would provide information on 
the impact of each of the two phenomena on permeate flux decline, which is an 
important measure of the ultrafiltration process performance. From permeate flux 
-  time data recorded during concentration experiments, the permeate flux value at 
t=0 and the one at t=tF, (where tFi the time of final permeate flux measurement) 
can be used to calculate two values of total resistance (given that TMP = 0.5bar). 
One is that developing in the very first instances of filtration (R pol°) and the other 
present as the concentration of the feed solution has been almost completed 
(R pol ) -  just before the end of the run (see figure 2.9, phases n  and HI). These 
resistances are calculated according to the following equations: 
t=0 Rt=Rm (before beginning of the run -  determined by clean water flux 
measurement) 
t=0 Rf=RM+RpoL° (1) (boundary layer phenomenon) 
t=tF Ri^Rm^Rpol°+RpolC+Rirr (2)
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t=tp Rt=Rm +R irr (just after the end of the run -  determined by clean water flux 
measurement).
For equations (1) and (2) the total resistance will be calculated by the respective 
permeate flux values (at t=0 and t=tF) according to the general equation
J  = —^  , where jip is the viscosity of the permeate stream at 20°C. That was
Up -Rp
determined by capillary viscometry (U-tube) according to the BS 188:1977 
method (see Appendix G) and was found to be in all cases between 1.01 and 
1.02- lO '^a-s {i.e. very close to that of water for the same temperature).
In the above set of equations it is assumed that resistance values remain 
constant This may not be strictly true particularly for R polC and R kr since both 
change with time as the concentration progresses, but for the final moments o f the 
run when the final permeate flux measurement is made the change should not be 
important Also, these resistance values do not constitute new results, but rather a 
different way of manipulating and presenting information already given by the 
permeate flux -  time data graphs of section 5.2.3. The values obtained are shown 
in table 6.1 (with the Rjrr values from figures 5.27 and 5.29 shown as well for 
purposes of comparison).
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Table 6.1: Values of resistances due to: i) initial polarisation (Rpol°)> ii) 
polarisation due to concentration (Rk>lc) and iii) irreversible fouling (R®r), 
during the concentration of sugar-beet pulp extract (TMP=0.5bar) under various 
configurations and for membranes of different MWCOs.
i) MWCO (kD) 100 30 10









ii) MWCO (D) 100 30 10





Single-moc ule concentration (diafiltration mode)
2.97-1012 3.39-1012 3M 012
Reverse-sequential concentration
0.651012 30.21012











Comparison of the values presented in the table above reveals that when 
concentration is performed using one module (with or without previous 
diafiltration) the resistance due to initial concentration polarisation constitutes the 
major hindrance to permeate flow and this effect is more pronounced as the 
MWCO of the membrane decreases.
In the case of sequential concentration for the second and third steps (30 and 
lOkD MWCO respectively) polarisation of both types ceases to be the most 
important, with fouling resistance being mostly responsible for flux decline.
Finally, in the case of the reverse-sequential concentration, initial concentration 
polarisation plays the most important role for both concentration steps with R polC 
and R rr  representing each a resistance equal to half of the R pol° for the first step 
(lOkD MWCO) and the same types of resistance being very small for the second 
concentration step (lOOkD MWCO).
From the data presented in table 6.1 it is evident that concentration polarisation 
represents a major factor in the observed flux decline.
6.5 A STUDY ON THE INFLUENCE OF PROPERTIES AND 
CHARACTERISTICS OF SUGAR-BEET PULP EXTRACT ON ITS 
ULTRAFILTRATION BEHAVIOUR
As shown in section 6.4, fouling made an important contribution to resistances 
in permeate flow. It is a phenomenon, which can be examined further seeking 
ways of improving the performance of the separation. The properties of the feed 
solution, the interactions of the solutions’ components between each other and 
with the membrane are all important in determining the fouling behaviour during 
ultrafiltration.
The sugar-beet pulp extract is a natural complex solution, where its components 
can interact in a variety of ways (see section 2.3.2). In the present work, the 
effects of these interactions have been examined in the following three ways: i) 
using a sugar-beet pulp extract feed solution, where the pH was varied so that the 
pectins in the extract had a net charge (both positive and negative were tested); ii) 
using a model pectin solution obtained from the extract after purification (see
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section 4.1.2.3) to account for the effect of pectins only during ultrafiltration and 
iii) using a sugar-beet pulp extract that had been treated with an anti-oxidant (L- 
ascoibic acid). This agent prevents formation of polyphenols from the phenolic 
material present in the extract, thus preventing aggregate formation, since 
polyphenols can interact both with pectins and proteins to form larger colloidal 
particles.
As shown in figure 5.35, the pH affected the fractionation efficiency of the 
ultrafiltration process within a given molecular weight range for a given permeate 
flux. For the molecular weight range between 5 and llkD  observed rejection 
increased with increasing pH. In all cases polysulphone membranes were used 
with a reported pi of 3.6 (Nystrom et a l , 1989), whereas that o f the pectins is 
reported to be around 4.0 to 4.5 (Sakai et a lt 1993).
In the case when the solutions’ pH is 7.5, it is expected that both the membrane 
surface and the pectin molecules are negatively charged. Pectins will, therefore, 
experience electrostatic repulsion at the membrane surface leading to higher 
rejection. When the pH is, both membrane surface and pectins are positively 
charged. Thus, due to repulsion increased rejection is expected once more, 
however not as high as that in the case of pH 7.5. This is due to the feet that the 
magnitude of the electrostatic repulsion is expected to be lower in the case o f pH
2.0 (which is closer to the pis 3.6 and ~4.0 for the membrane and pectin 
respectively than pH 7.5). The lowest rejection is expected when the solutions’ 
pH is 4.0, which is close to both isoelectric points of membrane and pectins -  
where both of them appear to be uncharged. In this case, there is no electrostatic 
hindrance to the convective transport of pectin molecules through the membrane 
pores.
Such patterns of the effect o f pH on permeate flux have been observed in the 
case of fractionation of protein mixtures. Ultrafiltration of mixtures of lysozyme 
and BSA and chicken egg-white proteins (containing lysozyme) with the aim of 
obtaining pure lysozyme in the permeate, showed that the transmission of 
lysozyme was the highest (i.e. lowest rejection) when the solutions’ pH was 
adjusted to that of the pi of lysozyme (Ghosh and Cui, 2000, Ghosh et a l , 2000). 
For a pH value different than the pi of the protein and such that the protein and 
the membrane surface were oppositely charged, the formation of a self-rejecting
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layer on the surface of a polysulphone membrane was achieved (Ghosh and Cui, 
1998, Rabiller-Baudry et al., 2001). Due to the repulsion between the protein 
layer and protein molecules its rejection was maximised under such conditions -  
showing that indeed pH can be an important parameter affecting the rejection 
behaviour.
In the case of the ultrafiltration of sugar-beet pulp extract and for similar 
permeate fluxes, extract of pH 7.5 exhibited the highest observed rejection as 
expected from the description above. However, it was the solution of pH 2.0 that 
had the lowest rejection coefficient values and not the pH 4.0. This discrepancy 
may point to the phenomenon of pectin aggregation that was not considered in the 
above analysis. In all cases a reduced aggregation tendency for the pectin 
molecules was expected due to electrostatic repulsion for pH values of 2.0 and 
7.5. However the fouling study suggested that negatively charged pectins (pH 7.5) 
resulted in less fouling than in the case of pH 2.0 and 4.0, while the molecular 
weight distributions for all different pH values remained unchanged. This 
suggests that the aggregation mechanism involves more than pectin-pectin 
electrostatic interactions; possibly interactions with other types of components 
present in the extract
Sugar-beet pectin alone appeared to be a very fouling material exhibiting higher 
resistance than the complex extract itself. Thus, the major foulant in the extract 
appeared to be the pectin. However, there is no indication of the molecular size of 
the fraction that causes the most fouling. The slightly different distribution pattern 
(figure 5.37) indicates that in the pure beet-pectin solution (pH 4.0) aggregation 
was mediated by a different mechanism than in the case of the extract
This observation leads to the hypothesis that the other components present in 
the pulp extract have a beneficial effect on the fouling behaviour. This argument 
is supported by the work done with antioxidant-treated sugar-beet pulp extract. 
Again, the resistance due to fouling was much greater than that of the untreated 
pulp (see section 5.3.2) showing that disruption of aggregation because of the 
presence of ascorbic acid caused additional fouling resistance. However, 
treatment with L-ascorbic acid in particular, entailed the additional effect of 
pectin depolymerisation (Rickards et al., 1967). That effect is evident in the 
molecular weight distributions obtained from ascorbic acid-treated sugar-beet
165
pulp extract (see figure 5.41) where the high-MW components are completely 
absent
Lencki and Riedl (1999) microfiltered unclarified apple juice -  a material that is 
similar to the sugar-beet pulp extract in terms of composition -  and showed that, 
similarly to the present work, treatment with L-ascoibic acid had a negative effect 
on fouling. However, they did no consider the possibility of depolymerisation of 
the apple pectins as a cause o f additional fouling occurrence.
Also, the change in aggregation caused a change in the rejection patterns 
observed in the high-molecular weight region with all other types of feed: with 
increasing permeate flux, the observed partial rejection coefficient increased as 
well (figure 5.43). This rejection pattern is in contrast with that observed for non­
fouling carbohydrate polymers (Nobrega et a l , 1989) suggesting that the mid- or 
low-MW pectin fractions present in the extract are responsible for fouling.
Thus, the presence of the antioxidant, in the same way as the absence of other 
components in the model pectin solution, disrupted the colloidal stability of the 
feed solution with a detrimental effect on filtration performance. It is possible that 
in each case different fouling mechanisms prevail, since the model beet-pectin 
solution has a high amount of the high-MW fraction, whereas such a fraction is 
completely absent in the case of ascorbic acid-treated extract
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7 CONCLUSIONS & RECOMMENDATION FOR FUTURE WORK
7.1 CONCLUSIONS
The present study on the ultrafiltration behaviour of the of the complex extract 
derived from the hydrolysis of wet sugar-beet pulp with the aim of isolating the 
pectin fraction revealed a number of interesting points regarding both the process 
itself and also the way in which process parameters are affected by the properties 
of the material itself. From the results obtained from the experimental work 
carried out, the following can be concluded:
• The fractionation of pectin from the sugar-beet pulp extract was possible 
was possible with diafiltration.
• The extract was a fouling material for polysulphone membranes. The 
degree of fouling (as indicated by resistance values) decreased with 
increasing MWCO of the membrane.
•  The major fouling component in the extract was the beet pectin -  as 
demonstrated by ultrafiltration experiments of semi-purified beet pectin 
solution. The different molecular weight distribution pattern of the 
purified beet pectin indicated that aggregation was mediated by a different 
mechanism to the one in the case of the extract
• Fractionation was adversely affected by increasing flux. This occurred 
through both decreasing rejection of high molecular weight components 
and increasing rejection of low molecular weight components.
•  Addition of L-ascorbic acid in the extract caused a shift of the distribution 
towards lower molecular weights due to pectin de-polymerisation and 
change in pectin aggregation pattern due to the effect of ascorbic acid to 
polyphenol stability.
•  Poor ultrafiltration results after L-ascorbic acid treatment indicate that the 
mid-molecular weight carbohydrate fractions present in the extract are 
more likely to be the major cause of fouling.
• Changes in the pH value of the extract can enhance the fractionation: 
increase of pH to more basic values increased rejection of the ~10kD 
fraction for a given permeate flux (J=7 IVm2/h).
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7.2 RECOMMENDATION FOR FUTURE WORK
The increased rejection observed with increasing the pH value of the feed 
solution is an important finding that needs further work to extend the molecular 
weight range in which it occurs. From the work done so far, there is the indication 
that a ‘fine-tuning’ of the values of trans-membrane pressure (TMP) and cross- 
flow velocity will be required to extend the effect of pH. It will also be important 
to examine if and how the molecular weight range changes when ultrafiltration is 
performed using membranes of different MWCOs.
In the present work no study of the effect of the ionic strength of the solution 
was made. Based on the results of varying pH, it is logical to assume that addition 
of varying amounts of salt in the extract would cause a change in the rejection due 
to the screening of the pectin charges.
It has to be noted that, when pH and ionic strength conditions are changed in 
ultrafiltration experiments, these changes have to be reflected in the analytical 
method condition as well, r.e. a buffer of the same pH and ionic strength to that of 
the samples to be analysed must be used as the mobile phase for size-exclusion 
chromatography.
The presence of pectin aggregation in the extract depended on the interactions 
between its different components, as demonstrated by the effect of L-ascorbic 
acid on the appearance of the extracts’ molecular weight distribution. ‘Modelling* 
the extract solution may provide information about the mechanisms of 
aggregation and help improve ultrafiltration behaviour. The sugar-beet pulp 
extract can be approximated by a basic model solution comprising three 
components: pectin, tannins (polyphenols) and protein in proportions similar to 
those present in the pulp extract. Beet pectins can be obtained from the extract 
after purification, while the other two can be obtained commercially. Varying the 
relative amount of each of the components, its influence on aggregation and 
ultrafiltration behaviour can be studied. It is believed that different aggregation 
patterns lead to different fouling properties -  due to the different properties of the 
layer of deposited solutes formed on the membrane surface. The aim of this work 
would be to find a way to promote aggregation in such a way that large colloidal 
particles are formed that do not require ultrafiltration. Instead, use of
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microfiltration membranes will be adequate with the advantage of higher 
permeate fluxes and lower operating pressure.
Ultrafiltration of extract with added L-ascorbic acid and of the semi-purified 
beet pectin solution indicated that pectic species of medium molecular size are 
mostly responsible for the occurrence of fouling. However, a series of 
experiments should be designed to determine which are those fractions in the 
extract more precisely. Towards this aim there are two options available. One is to 
keep the basic extraction procedure (acidic hydrolysis) unchanged and perform 
additional steps to break down the extract further. These steps can range from 
simply prolonging the extraction time leading to increased break down of pectic 
components to using pectinases that will further degrade the material in a more 
specific way. The second option is to revisit the whole extraction procedure by 
choosing different extraction conditions, which will aim to avoid the 
accumulation of foulants in the initial feed solution (extract). Such a step will 
invariably include use of enzymes (more costly process), which also implies a 
need for measures for enzyme removal/recycling to be taken.
As far as the membrane processes are concerned, it would be interesting to 
extend the fractionation to include the carbohydrate oligomers and even 
monomers present in the extract, since they could represent products of higher 
value than pectin. Using the diafiltrate as the feed solution, moving towards 
membranes with tighter pore size (nanofiltration) and even non-porous 
membranes (reverse osmosis) in single- or multiple-step processes is a logical 
step ahead providing that fluxes do not become too low.
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APPENDIX A: CALIBRATION OF THE FEED PUMP OF THE
STAINLESS-STEEL ULTRAFILTRATION SYSTEM
The calibration data and calibration curve for the feed pump are presented in this 
appendix. The calibration procedure is described in section 4.2.1.1. Table A.1 
presents the data of ultra-pure water flowrate (L/min) for various settings of the 
feed pump. Figure A.1 presents the resulting calibration curve, where a straight 
line is fitted. The calibration equation is: q (L/min) = Q.0473x(pump setting) 
R2=0.9945.
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Figure A.1: C a l i b r a t i o n  c u r v e  f o r  t h e  f e e d  p u m p .
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APPENDIX B: CALIBRATION OF THE PRESSURE TRANSDUCERS OF
THE STAINLESS-STEEL ULTRAFILTRATION SYSTEM
The data for the calibration of the three pressure transducers are presented in this 
appendix. The method used is described in section: 4.2.1.2. Tables B.l-4 present 
the calibration data: B.l-3 contain the pressure-units data obtained using the dead­
weight tester for each of the transducers (0: for the permeate stream, 1: for the 
feed stream and 2: for the retentate stream), whereas B.4 contains the data for the 
transformation of units to milivolts. The graphs constructed based on the data 
presented above are presented in figures B. 1-4 respectively.
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Figure B .2 :  C a l i b r a t i o n  o f  t h e  f e e d  s t r e a m  t r a n s d u c e r .
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Figure B.4: Correlation o f units and voltage
From the intercepts o f graphs B .l-3 the offsets are obtained for each o f the 
transducers:
Offset (0): 2071 
Offset (1): 2059 
Offset (2): 2036
From the slopes o f the graphs mentioned above, after converting units to mV 
through the equation presented in fig. B. 1-4), the scalefactors are obtained:
Scalef (0): 0.9653 
Scalef (1): 0.9974 
Scalef (2): 0.993
The values o f scalefactors are included in the programme as percentages i.e. 
96.53,99.74 and 99.3 respectively.
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APPENDIX C: CALIBRATION OF THE MINITANS’ SYSTEM
PERISTALTIC PUMP
The calibration data and calibration curve for the peristaltic pump o f the Minitan 
system are presented in this Appendix. The calibration procedure is described in 
section 4.1.2.1.
Table C .l presents the data o f ultra-pure water flowrate for various settings o f the 
pump. Figure C .l presents the resulting calibration curve with a line fitted. The 
calibration equation is q (mL/min) = 101.5*(pump setting)
Table C .l: Data for the calibration o f the Minitan systems’ peristaltic pump.
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Figure C.l: Calibration curve for the peristaltic pump o f the Minitan system.
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<APPENDIX D: CALIBRATION OF THE HPSEC SYSTEM
Hie standard solutions were prepared according to the procedure described in 
section 4.4.3, each in a set of three concentrations ranging between 0.5 and 1.0 
mg/mL. Each solution was then analysed using the HPSEC system as described in 
section 4.4.2.
The following set of tables present the data necessary to build the calibration 
curve. It must be noted that the elution volume shown is the average of the three 
concentration values analysed (each twice). For a given standard, elution volume 
variation for varying concentration and repetition runs was always less than 
0.02% (i.e. less than 0.006 mL or 0.72 s)
Table D .l : Data for the exclusion limits of the size-exclusion chromatography 
system.




Table D.2: Calibration data for the HPSEC system using the pullulan standards.










Table D.3: Calibration data for the HPSEC system using the PEO standards.







Table D.4: Calibration data for the HPSEC system using the oligosaccharide 
standards.




The resulting calibration data are plotted in semi-log coordinates in figure D .l 
(with exclusion limits also shown). A straight line is fitted using the least squares 
method and the resulting calibration equation is:
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Figure D.l: Calibration curve for the HPSEC system.
A P P E N D IX  E
In this Appendix the chromatograms obtained from HPSEC analysis o f the 
samples obtained during various ultrafiltration procedures are presented.
SUGAR-BEET PULP EXTRACT ULTRAFILTRATION 
(CONCENTRATION) USING POLYSULPHONE MEMBRANES OF 
VARIOUS MWCOS 
Membranes’ nominal MWCO 30kD
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